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ABSTRACT 
It is predicted that more than 20 terawatts of carbon-free energy wi l l  be demanded by 2050 
to maintain a sufficient energy supply  for the increasing global population, and 
photovoltaics  are predicted to contribute significantly to the global energy needs. Dye­
sensitized so lar ce l ls  (DSCs) are an emerging c lass of photovo ltaics (PV) that has produced 
promising power conversion efficiencies at low costs. Currently, electron recombination, 
dye aggregation, weak adsorption, and inefficient absorbance are among of the largest 
contributors to low DSC efficiencies .  
BODIPY dyes are one of  the most promising classes of dyes emerging for DSC application. 
These low molecular weight fluorophores produce narrow absorption bandwidths with 
high extinction coefficients .  These properties allow for efficient sunl ight absorption and 
cost effect DSC construction. Furthermore. the absorbance and emission spectra are highly 
susceptible to substituents introduced to the BODIPY core .  
[n this study, five BODTPY dyes with a donor-(n-spacer)-acceptor arrangement have been 
designed to address the current challenges. Two dyes, HS l O  and MH 1 3 , were successfully 
synthesized and studied. Both HS 1 0  and MH 13 combined a 4-ethynyl -N, N-dimethylaniline 
electron donor group and a cyano-3-(4-ethynylphenyl)-2-propenoic acid acceptor. M H 1 3  
which employed a 2,6-dihexyloxybenzene substituent at the mesa position of the BODIPY 
core. produced a power conversion efficiency of 1.  75%, significantly higher than the 
0 .  77% efficiency of its mesity l -substituted analogue (HS 10). The dye loading density for 
MH13 was more than triple that of HS 10. The absorption coefficients were identical for 
both dyes, and MH 1 3  produced a Amax that was red-shifted by only 3 nm relative to HS 1 0 . 
vi 
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CHAPTER ! 
INTRODUCTION 
l.1 Renewable Energy 
Fossil  fuels currently provide the various kinds of fuel that the world depends on, but due 
to the negative effects they produce, there is an urgent need for a clean, efficient, and 
renewable source of energy. 
It i s  estimated that the carbon dioxide concentration in Earth' s  atmosphere has not been 
surpassed in 650,000 years. The combust ion of the diminishing fossil fuels for electricity, 
transportation, and industrial processes is largely responsible for the increase in carbon 
dioxide l evels .  This increase produces a greenhouse effect which causes the earth· s 
temperature to rise. Consequently, of the ten warmest documented years on Earth, nine 
took place since the year 2000. One of the outcomes of the planet' s temperature rise has 
been the reduction of arctic and land ice .  According to the National Snow & Ice Data 
Center, the arctic sea ice has decreased by an average of 1 3 .4% each decade since 1 98 1 .  
Lastly, it is predicted that more than 20 terawatts of carbon-free energy will be demanded 
by 2050 to maintain a sufficient energy supply for the increasing global population 1 • In 
order to avoid the disastrous consequences of the current harmful energy supply, clean and 
renewable forms of energy must be developed. 
Among the first kind of renewable  energy i s  biomass. 2-i Biomass is the material suppl ied 
from plants as wel l  as agricultural waste . While its consumption involves combustion 
reactions that produce carbon dioxide and water molecules, its production involves the 
1 
conversion of C02 and H20 molecules into carbohydrates through the processes of 
photosynthesis ,  rendering biomass a renewable energy source .  5 Biomass is  useful because 
it reduces the C02 emissions and can re-grow in a short period of time. re lative to fossi l  
fuels .  However, this form of renewable energy is  inefficient and results in an increase in  
methane gas levels  which is  a threat to  the Earth's atmosphere . 6 
Another form of renewable energy comes from the wind, and involves spinning wind 
turbines that convert the wind ' s  k inetic energy into mechanical power which may be used 
to produce electric ity. The electricity is  produced by a generator that exploits the principle 
of electromagnetic induction. The operation of wind turbines is space- and cost-efficient 
and does not produce pollutants . However, the large startup costs required for the 
manufacturing and instal lation of turbines, as wel l  as concerns about safety. hinders their  
app l ication. 
The sun provides the c leanest, most abundant. and renewable  form of energy. The solar 
energy that strikes the earth in 1 hour i s  greater than the energy consumed on Earth in 1 
year7 • Photovoltaic (PV) cel ls have emerged as a leading technology in direct solar 
photoconversion to e lectricity. For PV ce l l s  to compete with fossil fuels, a $2/W p price is  
required. In 2007, the estimated price for silicon-based cel ls  was approximately $7 /WP· 8 In 
order for solar radiation to be a major contributor to the global energy requirements, major 
advances are needed in the power conversion efficiency (PCE) and production costs of PV 
cel ls .  
2 
1.2 Photovoltaics 
Photovoltaics exploit the photovoltaic effect of semiconductors in order to generate 
el ectric i ty .  Photoelectric compounds have been studied and developed for over a century. 
They have the abil ity to absorb photons then release electrons which may be captured to 
generate an e lectric current. 
The photovoltaic effect was discovered in 1 839  by A.  E .  Becquerel when he observed that 
certain materials, when used in an electro lytic  cel l ,  produced a current upon l ight 
exposure .9 In his study, silver chloride was stationed in an acidic solution and l inked to 
platinum or s i lver e lectrodes. E lectricity was generated when the si lver chloride was 
exposed to various kinds of l ight. In the same year, Becquerel also reported the presence 
of the photovoltaic effect in si l icon. In 1 954 the first solar cell was made . This  device 
employed single-crystall ine si licon as the semiconductor and produced an efficiency of 
6%. 1 0 In 1 956,  gall ium arsenide was used in a PV cell for the first t ime. Multi-crystal line 
and amorphous s i licon cells were developed in 1 972 and 1 976, respectively. 
Si l icon is  among the most abundant elements on earth and s i l icon-based cel ls are the most 
prevai l ing types of PV ce l l s .  These solar cel ls can be prepared in different ways to yield 
various etliciencies. The different types of silicon-based cells include single-crystall ine, 
mult i-crystal l ine,  ribbon, and amorphous si l icon cel l s .  The single-crystal l ine si l icon cel ls 
employ a highly pure single crystal and have produced the highest efficiencies in 
commercial use of 1 3 - 1 8%. 10 The mult i-crystall ine sil icon cel l s  are composed of several 
randomly oriented silicon crystals .  They contain grain boundaries which result in e lectron­
ho le-recombination losses and efficiencies of 1 1- 1 6%. 1 0 Ribbon silicon cells use si l icon 
waters which are crystallized directly from melted silicon to yield efficiencies of 1 0- 1 2%. 10 
3 
Lastly, amorphous cel ls use a disorderly hydrogenated si l icon solid which produces 
efficiencies of 9-11 % then reduces to 7-9% after the first hundred hours of  use. 10 
Amorphous s i l icon ce ll s  are a type of  thin fi lm cel l s  which employ th i n  layers of  the 
semiconductor on a supporting material such as glass. Because these cel ls require a lesser 
amount of the semiconductor, they are more economical than the crystal si l icon solar 
panels. 11 They also can be deposited on to flexible materials and can maintain their 
effic ienc ies at h igher temperatures .  
Si l icon-based PV cel ls  directly convert l ight into e lectric ity when the e lectrons located at 
the junction between two layers of the s i licon wafer are energized and begin to move in a 
path provided by an external c ircuit .  The two si l icon wafers are first s l ightly electronical ly 
modified by adding low quantities of a similar e lement to create an e lectronically enriched 
·or depleted layer (Figure 1.1 ) . The n-type layer i s  typically doped with phosphorous. which 
has one more electron than s i licon, while  the p-type layer usually  incorporates boron. which 
has one less e lectron than s i l icon. The purpose of the dopants is to create an electric field 
which  aids in the generation of e lectric ity upon l ight exposure. 12• 13 
The p-n j unction between the two si l icon wafers contains electrons and electron holes 
located near the p-type and n-type wafers, respectively. This electronic disproportion found 
in the j unction creates an e lectric field between the two si l icon l ayers. Once a photon strikes 
an electron in the j unction or the p-type s i l icon base, the electron becomes freed from its 
atom and is attracted to the n-type si l icon's positive charge . An external c ircuit 1s 
completed by jo ining the p-type sil icon to an e lectrical load then to the n-type s i l icon. 
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Figure 1.1. (a) Overview of the silicon-based PY cell's current generation process. (b) 
Illustration of the n-doped and p-doped silicon layers. 
The ability of semiconducting materials, such as silicon, to create a free moving electron 
upon photon exposure has allowed sunlight to be used as a renewable form of energy. The 
sunlight is the largest reservoir of energy available on earth. It is the most abundant and 
clean form of renewable energy. The most common PY cells are silicon-based. While 
silicon is a non-toxic and abundant element its PCE has hindered it from competing with 
fossil fuels. Furthermore, the high costs associated with the production of silicon-based 
cells have prevented their commercial use. In order for solar radiation to significantly 
5 
contribute to the global current energy supply. improvements 111 ce l l  e fficienc ies and 
reJuctions in production costs are req uired. 
l.3 Dye-Sensitized Solar Cells 
Dye-sensit ized solar cells ( DSCs) are an emerging t h ird-generation c lass of PY that has 
produced promi s i ng power convers ion effic iencies at low costs. As opposed to the typical 
so l id-state junction cells.  these PY devices uti l ize wide-band gap nanocrystal l ine 
semiconductors that have been photosensitized by adsorbed dye molecules.  1�  While  
standard PY cells use  semiconductors that absorb l ight and cmTy the charge. DSCs absorb 
l ight via the dye sensit izer and carry the c harge through the semiconductor. usually TiO�. 
Once the charge is catTied through an external  c ircuit .  an e lectrol yte sol ution is used to 
replenish the oxid ized dye m olecules. 
The first p hotograph i c  films. which ut i l ized si lver hal ide grains as the semiconductor. were 
developed in 1837 by Daguerre.15 These semiconductors have band gaps of2.7-3.2 eV and 
produced fi lms that exhib ited poor l ight absorption. especial l y  past 460 nm. In 1873. the 
absorption characterist ics were improved by Vogel \vhen he sensitized the s i l ver hal ides 
with dyes.16 These dye-sensitized photographs cou l d  absorb l ight past 460 nm and 
produced clear black and \vhite images. The dye-sensit izati o n  method was app l ied to 
photoelectrochcmistry in  1887.17 This a l lo\ved for significant improvements in the e lectron 
11ow between the two e lectrodes of an electrochemical cel l .  This research was uti l ized 
nearly a century later for the devel opment of DSCs. I n  the 1 960s. the a\vareness of the dye­
sensitization o peration principles a l lowed for fu11h er development in the field of DSCs .  
6 
rhe first DSC was reported i n  1972 by Tributsch when he found that photoexci tcd 
chlorophyl l  molecules could exchange e lectrons \Vith zinc oxide !ZnO) e lectrodes i n  an 
electroc hemical cel l to produce e lectric i ty . 18 Potassi um chloride \Vas employed as the 
electrol yte sol ution .  The excited chlorophyl l  dyes had energy val ues that alknved for a 
feasible e lectron injection into the ZnO conducti o n  band. but 0.5 volts were requi red to 
prevent e lectron recapture. I t  was a lso noted that the flow of electrons lasted only several 
minutes due to oxidation of the c h loroph y ll molecules.  Hydroqu i none was added as a 
reducing agent to the potassium chloride sol ution.  The oxid ized chlorophyl l  molecules 
read i l y  accepted e l ectrons from hydroqui no ne and power convers ion effic iencies o f  1 ()lYo 
were achieved. Lastly.  i n  1 99 1  O'Regan and Gratzel announced large i mprovements i n  
DSC efficiency w·hen they i ncreased the semiconductor electrode ·s surface area by usi ng 
Ti02.19 These sti mulat ing findings. a long with the first D SCs report i n  1 991 by Gratzel.  19 
motivated researchers to develop i nexpensive DSCs that can use abundant raw materials 
tor l arge-scale photon-to-el ectron conversion.  
,\ schematic i l l ustrat ion of the DSC operat ing principles i s  depicted below ( Fi gure 1 .2). 
The c harge transfer dye molecules begi n  by absorbing photons of l i ght then undergoing 
photoexcitati on from their  HOMO energy level i nto their  LUMO state. This excited state 
\Vi i i .  ideal l y. provide enough dri v i ng force to al low for an electro n  to be e ffic ient ly i njected 
i nto the conduction band of the Ti02 semiconductor.12 The process of e lectron transpo11 
thro ug h  the semiconductor is  h igh ly  effic ient when the dye·s LUMO is at l east 0.2 eV 
higher than the semiconductor·s band gap of 3.2 eV.20 The Ti02 part ic les  are 20-30 nm i n  
diameter and cannot provide a n  electric field.  8 Though not enti rely understood. it i s  
bel ieved that the nanopart ic les and the electro lyte so lution permeated i n  their  pores provide 
7 
a large surface area through which electrons can advance from one particle to the next. 8 
The electrons are then transported to an external circuit, passed through an electrical load, 
and then advanced to the counter electrode, which is composed of a thin layer of platinum 
on a conducting glass. The counter electrode transports the electrons to the electrolyte 
solution which proceeds to replenish the oxidized dye molecules. 
Dye-Sensitized Solar Cell 
Photoelectrode Counter Electrode 
LUMO 
---, @ 
Photons u 
@ ¢==:J 
HOMO 
o = Adsorbed dye molecules 
Figure 1.2. Operation principles of dye-sensitized solar cells. 
One of the most targeted properties for current dye photosensitizers is a better overlap with 
the visible and overall solar spectrum. This leads to more a more efficient photon-to-
electron conversion and improved DSC performance. A strong absorption of the near-
infrared (NIR) and low energy end of the visible spectrum is another demand. This feature 
creates a more efficient electron injection process by bringing the dye's LUMO energy 
level closer to the conduction band of the Ti02.21 Once photoexcited, the dye must reach a 
8 
higher energy level than the semiconductor's conduction band in order to faci l i tate the 
dectron injection. 1620 The anchoring group which attaches the dye to the semiconductor 
should also provide a sufficient b inding strength to promote photo-. thennaL and 
electrochemical stabi lity8·16·22 It plays a central role in helping dyes maintain their 
efficienc ies in a photo-electrochemical setting. This stability and durabil ity are two of the 
DSC research areas where a re latively steady progress has been made. 8 The anchor must 
also withdraw the molecule's e lectron density in the LUMO state and create enough orbital 
overlap with the semiconductor to improve electron injection kinetics and prevent electron 
recombination.8 In 2006.  Ernstorfer et al . used pump-probe spectroscopy to compare the 
dectron injection effects of carboxyl ic and phosphonic acid anchors on a perylene-anatase 
system.23 Both anchors produced similar LUMO energy levels and the e lectron injection 
differences on to Ti02 were attributed to binding strength variations .  They found that the 
carboxylic acid. which exhibits a stronger electronic  coupl ing with Ti02 .  produced an 
electron transfer time constant of 13 fs, while  phosphonic acid yielded 28 fs. It is al so 
necessary for the oxidized dye to reach a more positive oxidation state than the electrolyte· s 
redox potential to aid in the dye's restoration.12,16·24 Finally. the dye's chemical structure 
should prevent aggregation.25-27 Aggregation is another serious concern because of its 
undesired effects on the DSC efficiency.  It can result from the plane-to-plane n-n stacking 
(H-aggregation) or head-to-tai l (J-aggregation) i nteractions experienced by c losely 
adsorbed dye molecules. 28 One \Vay to decrease the aggregation is by adding a coadsorbate, 
which is less l ikely to aggregate with the original dye, onto the Ti02 nanoparticles.27 
Another method involves altering the dye ' s  structure to incorporate bulky or lengthy 
9 
substituents which can sterical y hinder the intermo lecular interactions and inhibit  the 
aggregation. 29 
In  order for DSCs to become a major  contributor to the global energy needs, deve lopments 
in efficiency must be made . Although research in the field of DSCs has grown 
exponential ly since the O 'Regan and Gratzel 199 1 publication 25 years ago, progress in 
cell efficiency has plateaued. 30 In order to address the current obstacles, research must 
target areas where there is larger room for improvements. Aside from the e lectron 
recombination, dye aggregation. solar cel l  stability, and total absorption of the visible l ight 
and NIR regions are all areas with a significant potent ia l  for deve lopment . 
1.4 Current  DSC Dyes 
1 .-1. 1 Ruthenium-Based Dyes · 
Among the first dyes developed for DSC appl ication were ruthenium-based. The first 
ruthenium-based DSC was reported in 1991 by 0' Regan and Gratzel .  31 This  complex 
(Figure l . 3A)  produced a 7. 1 % efficiency. In 1 993, Nazeeruzzin announced the cis­
Ji(thiocyanato )bis(2,2-bipyridine-4,4-dicarboxylate )ruthenium dye, N3 (Figure 1 .38 ) . 
which yie lded an efficiency of 10.3%.3233 The maximum absorbance was 313 nm, but the 
compound exhibited a broad range absorption of visible l ight which aided in the photon­
to-e lectron conversion. Moreover, the four carboxylic acid anchor groups created a strong 
electronic coupling with the Ti02 which allowed for an efficient e lectron inj ection, with a 
quantum yie ld of 1 00%. In 2001, Nazeeruzzin reported the discovery of a new Ru11 dye, 
the tri thiocyanato( 4,4' ,4''-tricarboxy-2,2' :6" ,2 ' -terpyridine) ruthenium( I I )  complex 
(Figure l . 3C) which produced a 1 0 .4% conversion efficiency. 33.34 This complex. known as 
10 
the B lack Dye (BD), uti lized three carboxylic acid anchors and exhibited total absorption 
of visible l ight, with a larger extinction coefficient and a greater red-shift than N3 . In 2008, 
the Gratze l  group synthesized compound C l  OJ (Figures 1 . 30) which replaced two of N3's 
carboxyl ic ac id anchors with 2-hexylthiophene groups and yielded an etliciency of 
l l.3%.35 The 2-hexylthiophene groups were found to extend the conj ugation of  the 
anci l lary l i gands and increase the extinction coefficients . The conj ugation extension also 
resulted in a red-shifted absorbance, which aided the e lectron inj ection efficiency. In the 
fol lowing year, the Gratzel group also reported Z99 l (Figure l . 3 E), which was similar to 
C 1 0 1 but further extended the conjugation by using a 5 -octyl-2.2' -bithiophene group which 
resulted in a red-shifted spectral response and an increase in the molar extinction 
coefficient .  These photophysical improvements led to an overall cel l  etliciency of  1 2 .3% 
for dye Z99 l .13 Despite a l l  of these impressive advancements, ruthenium-based DSCs have 
been greatly hindered by the high-cost and rarity of  ruthenium. Moreover, several 
completely organic dyes appeared recently and have become the target of extensive 
research. 
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Figure 1.3. Structures of representative ruthenium-based dyes. 
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Table 1. 1 Performances of representative Ru-based DSCs measured at 1 00 mW cm-2 at 
AM l .5 
Entry Name Aabs,max 
(nm) 
A First Ru11 dye 750 
8 N3 534  
c Black Dye 340 
D C l O l 305 
E Z99 1 532  
l. -I. 2 Porphyrin-Based Dyes 
Voe 
(V) 
0 .66 
0 .72  
0.74 
0 .65 
Jsc (mA 
cm-2) 
1 2 . 0  
7 .9 
20 .5 
1 8 .6  
23 . 92 
FF 
0 .69 
0 . 76 
0 .70 
0.76 
0 . 55  
1  References 
(%) 
7 . 1 JI 
1 0 . 3  32 
1 0 .4 33.34 
1 0 . 5  35 
1 2 . 3  13.36 
Porphyrins are a class of macrocyclic photosensitizing dyes that are similar to the 
chlorophyl l  found in the thylakoid membranes of chloroplasts in p lants .  37 Due to their  
primary role as natural harvesters of l ight, and the tenability of their optical and electronic 
properties, porphyrins have grown in popularity as candidates for photosensitizers in DSCs .  
These macrocyles produce n-n* electron transitions which result in a high and lower energy 
absorption bands in the vis ible l ight region. The closely spaced HOMO and HOMO+ 1 
interact with the LUMO orbital s  to produce a strong absorption in the 400-450  nm region 
(Soret band) and a weaker absorption at the 500-700 nm region (Q-bands). 38 Although the 
HOMO and HOMO+ 1 levels are similar in energy, the gap between them is  sufficient to 
create distinct absorption bands separated by 100-300 nm. The Q-band(s) is produced by 
the S 1 excited state's vibronic transitions, and depending on the symmetry of the porphyrin 
macrocycle, multiple absorptions may be observed .  
Porphyrins are composed of four conjugated five-membered rmgs linked by four 
methylene bridges (Figure 1 .4 positions 5 ,  1 0, 1 5 , 20) . These methylene groups are referred 
to as the meso posit ions.  The meso positions are the most reactive s i tes on these 
macrocycles, and therefore, the vast majority of porphyrin photosensitizers that have been 
13 
employed for DSCs are meso-substituted.39 Porphyrins' development for DSC app l ication 
began i n  1 993 ,  but the efficiency remained relatively stagnant from 1 993 -2000. -rn In 1 993 .  
CirLitzel and Kay publ i shed thei r  findings for mesoporphyrin IX dye ( Figure l . 5A), which 
employed two carboxyethyl anchors on positions 3 and 7 of the porphyrin core. yielded an 
etliciency of 2 .6%.4 1  In 2000, an effic iency of 3 . 5% was achieved by Cherian and Wamser 
using 5 .  l OJ 5 .20-tetrakis-(4-carboxypheny l )porphyrin (TCPP:  Figure 1 . 5 8) . 42 TCPP did 
not include any substituents on the five-membered rings. instead 4-carboxylphenyl groups 
\Vere bound to the four meso posit ions . The extension of the conj ugation achieved a red 
shi tt  o f  TCPP ' s  Q-band .  I n  the follO\ving decade (2000-20 l 0 ) . the emergence of porphyrin 
dyes with a donor-n-acceptor ( 0-n-A) structure, where the porphyrin  core served as the 7t 
bridge. produced high efficiencies that paralleled those achieved by Ru1 1  complex dyes.43-
·i5 In 2007. Gratzel et al .  achieved a 7 . 1 % conversion efficiency using their porphyrin dye 
2 ( Figure 1 .6A), which contained four toluene groups at the meso positions and was 
anchored via ( prop-2-en- l -yl idene)propanedioic ac id. 44 The four toluene groups acted as 
electron donors and extended the conj ugation of the porphyrin rr-spacer. whi le the 
carboxylic acid groups provided a stable anchor. Furthermore. an efficiency of 1 1  % was 
reached in 20 1 0  by Gratzel et al . by the YD-2 porphyrin (Figure 1 .68) .4 1  This conjugated 
dye employed one d iary lamino e lectron-donating group. one ethynylbenzoic acid acceptor, 
and two 3 . 5 -ditert-butylphenyl groups on positions 20. 1 0, 5 ,  and 1 5 , respectively. In the 
same year. Diau et al. developed YD2-o-C8 ( Figure l .6C ). vvhich employed two 2,6-
dioctyloxyphenyl groups instead of the 3 .5 -di-tert-butylphenyl s  of YD-2, and achieved a 
PCE of 1 2 .3%.46 The e lectron l ifetime was extended by 2 to 1 0  times re lative to YD2 
( depending on the Vor.: l  and the e lectron recombination was also reduced s ignificant ly .  They 
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reasoned that the four octyloxy groups hindered the ability of the electrolyte to i nteract 
with the semiconductor surface.  In 20 1 L two perylene anhydride fused. Jr-extended 
porphyrins ( Porphyrin L Figure I .  7 A:  Porphyrin 2.  Figure I .  7G)  were synthesized by 
Wang et al..+7 Their overall  cell efliciencies were low. but they exhibited total coverage of 
the vis ib le spectrum and parts of the NIR region .  One s ignificant contributor to the low 
efficiencies was the anchor. Although anhydride is an electron-withdrawing group. it 
results in weak bonds to Ti02 relative to carboxylic acid. In  20 1 4. dyes S M3 7 1  ( Figure 
1 . 8A) and SM3 1 5  ( Figure 1 . 8 8) were developed by the Gratzel group and achieved 
effic ienc ies of 1 2 .0% and 1 3 .0%. respectively. -+8 Both uti l ized carboxylic acid as the anchor 
and extended the conjugation of the donor by adding 2,4-dihexyloxyphenyl groups to the 
para positions of the diarylami no group. Dye SM3 l 5 extended the conj ugation even further 
by placing a benzothiadiazole group between the dye and the anchor and was able to afford 
a broader. red-shifted absorbance across the visible and NIR spectra. Despite the recent 
advances in etliciencies ach ieved by porphyrin dyes, progress has been hindered by their 
struggle \Vith absorbing the regions between 450-55 0  nm ( green ) and 600-920 nm (red. 
N IR).29 Considering that these regions contain the largest abundance of photons in the solar 
spectrum, their lack of absorption provides a s ignificant l imitation in DSC application. 
Figu re 1 .4. The unsubstituted porphyrin core. 
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Figure 1 .5. Structures of mesoporphyrin IX (A) and 5 , 1 0. 1 5 ,2-tetrakis-(4-
carboxyphenyl )porphyrin (B; TCPP) .  
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Figure 1 .6. Structures of Dye 2 (A) ,  YD-2 ( B), and YD2-o-C8 (C ) .  
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Figure 1 . 7. Structures of Porphyrin 1 (A)  and Porphyrin 2 (B) .  
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Figure 1 .8. Structures of SM3 7 1  (A) and SM3 1 5  (B) .  
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Table 1.2 Performances of representative porphyrin-based DSCs measured at 1 00 m W  
Entry Name Aabs.max 
(nm) 
A Mesoporphyrin 500 
IX 
B TCPP 524 
c Dye 2 520 
D YD2 530  
E 1 805 
F 2 847 
G SM3 7 1  447 
H SM3 1 5  454 
I MH3 442 
M YD2-o-C8 448 
1 . -/.. 3  BOD/PY-Based Dyes 
cm-2 at A M  1 . 5 .  
Voe 
(V) 
0 . 52 
470 
464 
0 . 5 1 2  
0 . 33  
0 . 33  
0 .96 
0 .9 1 
0 .73  
0 .88  
Jsc (mA 
cm-2) 
9 .4 
0 .4 1 
0 .49 
7 .70  
7. 1 1  
7 .66 
1 5 .9  
1 8 . l 
1 5 .60 
1 . 7  
FF l) (%) References 
2.60 - H  
0 .68  0 . 1 3  -U 
0.7 1 0 . 1 6  49 
0.67 2 .65 50 
0 .54  1 .26 47 
0 .52 1 . 3 6  47 
0.79 12 .0 4 8  
0 .78  1 3 .0  4 8  
0.72 8 .2  5 0  
0 .77  1 2. 5  29 
The recent interest in metal-free dyes has allowed for hundreds of organic dyes to be 
developed for DSCs,  265 1 -63 including triarylamine dyes, 5 u2 heteroanthracene dyes, 53-55 
i ndol i ne dyes,56-58 carbazole dyes, 59·60 merocyanine dyes,26·6 1 .62 and squaraine dyes .63 
Organic dyes have provided promising candidates for a low-cost, l ightweight, and 
environmentally friendly alternative to metal-containing dyes. Boron-dipyrromethene 
( BODIPY) dyes are among the most promising due to their high extinction coetlicients. 
strong absorption cross sections in the visible to NIR regions, and h igh tunabi l ity. 64 These 
small molecules have also resulted in photostable  dyes, with sharp fluorescence peaks and 
large quantum yields that exhibit a good solubil ity in organic solvents.  65 ·66 
The BODlPY fluorophores were discovered first in 1 969 by Treibs and Kreuzer. 67 Due to 
the lack of stability of the unsubstituted BODIPY core ( Figure 1 .9). its synthesis was not 
accomplished unti l 2009 by Schmitt et al . 68 Initially. these dyes were deve loped for 
biological labeling, but recently their applications have extended to chemosensors. 69 logic 
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gates, 7° photodynamic therapeutics. 7 1 and DSCs.  72 The first BODIPY dyes that were 
developed for DSC,  were deve loped by Fukuzumi et al . in 2005 and named MEOPHBDP, 
MEOPHBDP-COOH, and PHBDP-COOH ( Figure 1 . 10  A ,  B. C ,  respective ly). 73 
MEOPHBDP contained only a 2,4,5 -trimethoxyphenyl group bound to the C-8 position. 
whil e  MEOPHBDP-COOH also contained two propanoic acid anchoring groups at the C-
2 and C-6 positions. PHBDP-COOH was similar to  MEOPHBDP but uti lized an 
unsubstituted phenyl group instead. In the three compounds, the authors found that the 
meso substituent acted as the e lectron donor while the BODIPY core was the electron 
acceptor. The efficiencies produced were low, but the authors found that the M EOPHBDP 
charge separation rate ( 8 . 5  x 1 0 1 1  s- 1 ) was faster than the electron recombination rate ( 1 . 7 
x 1 0 1 0 s- 1 ) .  Furthermore. MEOPHBDP-COOH produced the most red-shifted absorbance 
measurements followed by PHBDP-COOH. The findings of these substituents p ioneered 
the exploration of various substituents on the BODIPY core and the development of higher 
efficiency BODIPY dyes. 66· 74 
In 2008, Akkaya et al . produced BODIPY dye 2 (Figure 1 . 1 1 ) . 64 It featured two 
triphenylamine e lectron-donating groups attached to the C-3 and C-5 positions via ethylene 
bridges, through which the authors were able to shift the absorbance to the longer 
wavelengths of the visible and NIR regions. The substituent at the meso position extended 
the conjugation even further but also served as the stable Ti02 anchoring s ite through its 
cyanoacryl ic  acid group. The electron donating and electron accepting aromatic 
substituents successfully enhanced electronic directionality upon photoexcitation and 
provided an efficiency of 1 .66%. 
2 1  
Ziessel  et al . achieved an overall PCE of 5 . 75% in 20 1 2  via the NlR T2P2A sensitizer 
( F igure 1 . 1 2 ) by replacing the two fluoride atoms, which are typical ly bound to the boron 
atom, with a lkyny l-polyethylene glycol chains. 75 The authors found improvements in the 
open c ircuit voltage when the fluorine atoms were replaced and attributed it to improved 
charge inj ection efficiencies. Moreover, the authors revealed that attaching two alkylated 
thiophene groups produced absorbance and excitation spectra that were nearly identical .  
This l ed to the conclusion that the dye was ab le to inhibit aggregation with the aid of two 
thiophene moieties .  
fn 20 1 5 , Mao et al . synthesized three BODIPY-based dyes, UYl O, U Y l  1 ,  and UY l 
(Fi gures 1 . 1 3  A, B ,  and C ,  respectively) and studied three frameworks, D-(-it-A)2, D-(-it­
it-A)2 , and D-it-A. 76 Each compound uti l ized a phenothiazine e lectron donor, a cyanoacetic 
acid acceptor, and a BODIPY it-spacer. UY l 1 ,  which contained two consecutive it-spacers, 
also included a furan group. UYl  1 created the most extended conj ugation and the most 
red-shifted absorbance, fol lowed by U Y l O .  Although the three compounds produced high­
absorption coetlicients, s igni ficant variations were observed among the three frameworks .  
This  i s  i l lustrative of the response and tunabi l ity of BODIPY dyes to their substituent 
groups .  These new configurations produced efficiencies up to 4 . 52%, with the D-( -it-it-Ah 
framework outperforming i t s  0-(  -it-Ah counterpart on al l PV performance measurements. 
Despite the relatively low efficiencies produced by this study and other BODIPY dyes 
investigations thus far, the absorbance, photostabil ity, and responsiveness of these 
fluorophores continue to draw attention for their development in DSCs .  72 
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Figure 1.9. The unsubstituted BODIPY core. 
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Figu re 1 . 10.  The molecular structures of MEOPHBDP (a) ,  rv1EOPHBDP-COOH (b ) , and 
PHBDP-COOH ( c ) .  
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Figure 1 . 1 1 .  The molecular structure of dye 2 .  
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Figure 1 . 1 2 .  The mo lecular structure of T1P2A. 
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Figure 1 . 13. The molecular structures of UY l O  (a ) .  UY l l (b) ,  and UY l ( c ) .  
26  
Table 1 .3 Performances of representative BODIPY-based DSCs measured at 1 00 mW 
cm-2 at AM 1 . 5 .  
Entry Name Aabs,max Vur J..,c (mA FF 11 References 
(nm) (V) cm-2) (%) 
A MEOPHBDP 500 73 
B MEOPHBDP- 524 470 0 .4 1 0 .68  0 . 1 3  73 
COOH 
c PHBDP-COOH 520 464 0 .49 0 . 7 1 0 . 1 6  73 
D 2 700 0 .562 4 .03 0 .74 1 .66 64 
E T1P2A 675 0 . 544 1 5 . 78  0 .67  5 . 75 75 
F UY l O  528 0 .522 1 0 . 02 0 .67 3 . 52 76 
G UYl  1 548 0 .548 1 1 . 82  0 .70 4 .52  7 6  
H UY I 530  0 .5 1 2  7 . 70 0 .67 2 .65  76 
BODIPY dyes are l ight-weight structures that have exhibited remarkable spectral 
characteristics .  Aside from their tunable absorption range in the visible region, this family 
of boron dipyrromethene compounds also exhibit high absorption coefficients, long excited 
state lifetimes, and high photostabilities. The BODIPY core ' s  asymmetry in charge 
redistribution upon excitation leads to an increase in electron-density at C-8 and a decrease 
in the other positions. This causes the C8 position to be the ideal charge inj ection site. The 
electron directionality, and other optical properties, can be forther modified by the strategic 
attachment of electron withdrawing or electron donating substituents .  
27 
1.5 Anchoring Groups 
1 . 5. 1 Role <�!Anchoring Group 
The anchor group p lays multiple important ro les in DSCs .  Dye molecules are typical ly 
attached to the surface of Ti02 nanopartic les through the formation of chemical bonds 
between the anchoring groups of the dyes and Ti atom. Acidic groups. such as carboxyl ic  
acid or benzoic acid, are typically used to  strengthen this bond because acids tend to  be  
h ighly e lectron-withdrawing. 7 7  Upon photoexcitation of the dye, they can also act as 
electron acceptors as wel l  as faci l itate the e lectron injection process to increase the 
i�j ection rate. Creat ing a stronger bond also helps preserve DSCs at h igher temperatures .  
Another task of the anchor group i s  to  slow the recombination after e lectron inj ection. 
Furthermore, some anchor groups can help increase the electron density on the n-bridge in 
organic D-rr-A dyes, which also assists the electron inj ection. The anchoring group plays 
one of the central roles in the working principles of D SCs.  and several anchors have been 
developed. 
1 . 5. 2  Carhoxylic and Cyanoacrylic Acids 
Carboxylic acids are one of the most common anchoring groups employed in DSCs,  
especial ly in  metal complex dyes .  77 There have been eight poss ib le binding modes 
discovered for carboxylic acid anchors : monodentate ester, carboxylate, bidentate 
chelat ing, bidentate bridging, protonated bidentate bridging, monodentate H-bonding, 
bidentate H-bonding, and monodentate through CO. 7 7·78 The monodentate ester binding 
mode i s  created when a deprotonated oxygen binds with the titanium metal . The bidentate 
chelating mode involves one titanium atom and two deprotonated, resonance stabil ized 
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oxygen atoms.  This bond can also exist when the carboxylate anchor b inds revers ib ly  
through e lectrostat ic bonds. The carboxylate bond was shown to exhibit a high equil ibrium 
binding constant. 78 The bidentate bridging bond exists between two t itanium atoms and 
two deprotonated. resonance stabi l ized oxygen atoms. In 2007. Labat et al . used density 
functional theory to demonstrate that the bidentate bridging mode creates the most stable  
bonds of  a l l  b inding modes.  79 Thi s  binding mode can also take p lace when the carboxyl i c  
acid is  protonated to create one bond to  the metal and one hydrogen bond with the 
semiconductor' s oxygen. The monodentate H-bonding b inding mode takes place when an 
oxygen atom from the semiconductor acts as a hydrogen bond acceptor and accepts the 
anchor· s hydrogen atom. The b identate H-bonding is created when the four oxygen atoms 
in both the carboxyl ic acid anchor and the T i02 are l inked by hydrogen bonds . The 
monodentate through CO bond i s  made when the anchor' s  carbonyl carbon is reduced and 
the oxygen directl y  binds to a titanium atom. 
In  20 1 L the Gratzel group studied the carboxylic acid anchor in a series of  BODIPY dyes 
and compared one to its cyanoacryl ic  acid  analogue. 80 The dyes featured a 4-carboxyphenyl 
group at the mesa posit ions and triarylamine groups l inked through ethylene bridges at the 
3 and 5 positions of  the BODIPY core. Dye PS- 1 (Figure 1 . 1 4) employed triphenylamine 
groups to extend the conj ugation and resulted in an efficiency of 1 . 88%. The authors found 
that the planarity of the dye molecules. and specifically, of the mesa substituent bearing 
the carboxyl ic  acid  anchor p lays a crit ical ro le  in  electron inj ection by influencing the 
e lectron mobil i ty and improving the e lectron inj ection. The authors went on to compare 
the 4-carboxyphenyl anchor in  dye PS-5 ( Figure 1 . 1 5 ) to its cyanoacryl ic  acid  analogue. 
These structures employed the anchoring groups at position 2 of the BODIPY core through 
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ethynyl bridges .  The carboxyl ic  acid anchor afforded s ignificantly h igher voltages and 
overall ce l l  efficiencies .  It outperformed its cyanoacryl ic  acid  counterpart on al l  
photovoltaic measurements. 
COOH 
Figure t .l 4. The molecular structure of dye PS- 1 . 
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Figure 1 . 1 5. The molecular structure of dye PS-5 . 
COOH 
The cyanoacrylic anchor links a dye molecule to a carboxylic acid group through a 
cyanovinyl bridge. Cyanoacryl ic acid  anchors are also among the most common, especially 
in organic D-:n:-A dyes .  They cyanide group adj acent to the carboxylic acid  can enhance 
the electron withdrawing capabi lities as we l l  as the spectral response . 8 1 Giribabu et al . 
studied the possible binding modes of cyanoacrylic acid onto the Ti02 anatase ( 1 0 1 )  using 
periodic OFT calculations and compound M l  (Figure 1 . 1 6) in 2009. 82 They found 
monodentate ester-type (MET), bidentate chelating ( BC), and bidentate bridging (BB) to 
be the possible adsorption configurations. The MET binding mode is  created when the 
anchor' s deprotonated oxygen binds with a titanium atom: the BC configuration i nvolves 
both of the anchor' s resonance-stabil ized oxygen atoms binding with one titanium atom. 
and the BB mode is between both of the anchor' s resonance-stabi lized oxygen atoms and 
t\vo separate titanium atoms. Cyanoacryl ic acid i s  the most commonly used anchoring 
group in BODIPY dyes.62 ·74•8 1 -85 In 20 1 4, Ziessel et al . synthesized dye T1P2CA (F igure 
3 1  
1 . 1 7 ) ,  which was l i nked to two alkylated thiophene groups via ethylene bridges at position 
3 and 5 of the BODI PY core, and compared it to its carboxylic acid analogue . Although 
the cyanoacryl ic acid produced a lower efficiency, i t ' s stronger electron-withdrawing 
properties resulted i n  a more red-shifted absorbance. 
Figure 1. 1 6. The molecular structure M l.  
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Figure 1 . 1 7. The molecular structure T 2P2CA. 
1 . 5. 3  Phosphonic Acid 
Phosphonic ac id  i s  another commonly employed anchor group in DSCs.  In 1 995,  Pechy et  
al . discovered that a phosphonic acid anchor provided a bond between their ruthenium dye 
(F igure 1 0  dye 1 )  and the Ti02 that was about 80 t imes greater than i ts  carboxyl ic  ac id  
analogue.8  They also found that the bond was not broken upon I-bO exposure. This anchor 
al so has several b inding modes to the Ti02 nanopartic les. including monodentate. 
bidentate, with and without H-bonding. 87 In 20 1 2. Martsinovich et al. conducted a 
theoretical study on the various possible binding modes of phosphonic aci d  on to Ti02 
rutile ( 1 1 0) and anatase ( 1 0  l )  surfaces. 87 They reported that faster electron injections. in 
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some cases double the speed. could be achieved when bidentate b inding modes were 
adopted by the phosphonic acid instead of monodentate modes. As a result of their greater 
e l ectron-withdrawing properties, phosphonic acid anchors can bind strongly to Ti02 and 
produce more stable DSCs .  87-88  But in 2007, Sun et al . synthesized dye C4-l (F igure 1 . 1 8) ,  
which emp loyed a cyanovinylphosphonic acid anchor. and compared the absorbance 
measurements to the those of its cyanoacryl ic acid counterpart . 89 They observed a blue shifi: 
as wel l  as a reduced extinction coefficient for C4- l .  Furthermore, in the same year, Ojamae 
et al .  used quantum-chemical periodic calculations to demonstrate that phosphonic acid 
leads to weaker interfac ial e lectronic coupling with the Ti02 surface and significantly  
lower e lectron injection times when compared to  carboxylic  acid. 88 While this anchor 
provides stable bonds to Ti02, the primary drawbacks of phosphonic ac id are the weaker 
electron-accepting abil ity, relative to carboxylic and cyanoacrylic anchors, and the blue­
shifted absorbance .  7 7  
NC 
C4- I 
Figure 1 . 18.  The molecular structures of the first ruthenium dye (dye 1 )  and dye C4- 1 . 
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1 . 5. -1  Anhydride and Imide 
Another anchor vvhich has provided promising DSC e ffic ienc ies i s  anhydride. In 2007, 
Edvinsson et al. studied five perylene anhydride dyes and observed b l ue-sh i fted 
absorptions for all  five once adsorbed to the Ti02 surface.90 This shift was reproduced when 
the dyes were treated with N a2C03 in a soluti on of THF and it  was concluded that once 
adsorbed on to the semiconductor, the anhydride ring could react with the Ti02 and open 
to form two carboxyl ate groups. Furthermore. in 20 1 0. Johansson et al. studied the abi l ity 
of the anhydride moiety to b ind to single crysta l l ine Ti02 anatase ( 1 0 1 ). ( 1 00) ,  and (00 1 )  
surfaces using photoelectron spectroscopy. 9 1  Maleic  anhydride was used as a model 
system. Once adsorbed on to the ( I  0 1 )  and ( I 00) surfaces. they found that the anhydride 
ring opens and anchors through its four oxygen atoms. similarly to two carboxyl ic  acid 
groups. on Ti02 . However. when bound to the ( 00 1 )  surface. a different adsorptio n  
geometry was observed. suggesti ng the poss ib i l ity of an unopened ring. The anhydride 
moieties adsorb weakly to the Ti02 surface and result in  slow electron inj ections.92 B ut 
photoactive imides. whi c h  replace the cycl ic  oxygen with a protonated nitrogen. have 
resulted in chemically and thermally stable dyes with etlic ient electron i nj ection rates. 92-95 
The imide n itrogen and anhydri de oxygen atoms contain nodes that allow for the n system 
of dyes to remain unaffected by the different substituents bound to the nitrogen. 96 Before 
2007. electron-donating groups were not attached to these anchors and efficienc ies 
remained below 1 . 9%.96·97 In 2007, Imahori et a l .  synthesized iPr-PMI and Cy-PMI and 
ac hieved an e fficiency of 2.6cYo and 1 . 5% by attaching two strong e lectron-donating 
pyrro l idine substituents to the perylene moiety (Figure 1 . 1 9) .  96 
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1 Pr-PMI Cy-PM!  
Figure 1 . 1 9. The molecular structures of iPr-PMI and Cy-PM I .  
I .  5 .  5 Pvridine 
The pyridine anchor produces strong noncovalent bonds between the pyridine lone pai r 
e lectrons and the Lewis aci d  positions ( accessible Tin+ cations) of  the Ti02 semiconductor. 
and results in electron injection efiic iencies that are competitive with those of carboxyl ic  
ac id . Pyridine was first used as an anchoring group by Ooyama et al .  in 20 1 1 in a series of 
dyes named NI3-NI6 (Figure 1 .20) .98 The group compared dyes Nl3 and NI4 to N I  1 and 
N I2. wh ich \Vere similar but bared carboxylic acid anchors. They found that the pyridine 
produced a sl ight blue shift but was able to outperform the carboxylic anchor on all 
photovoltaic measurements .  Later in 20 1 1 .  Ooyama et al .  studied dyes YNI- 1 and YNI-2 
( Figure 1 .2 1  ). which employed two pyridine groups but held them at different angles 
relative to the Ti02 surface.LJ9 They reported that a dye structure that can properly position 
the pyridine anchor· s lone pair e lectrons perpendicular to the Ti02 Lewis acid sites 
faci l itates the binding and plays a central ro le i n  producing high efficiencies.  I n  20 1 5 . 
Gratzel et a l .  developed a donor-acceptor porphyrin. MH3 (F igure 1 . 22) .  with a pyridine 
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anchor. 50 They compared it to its carboxylic acid analogue and found that the pyridyl group 
was able to enhance the cel l ' s  long-term stabi l ity. FTIR studies by Gratzel et al. have al so 
indicated the presence of hydrogen bonds between the nitrogen and the Brnnsted acid sites 
of the Ti02 semiconductor. 50 The pyridine anchor currently has the potential to replace the 
carboxyl ic and cyanoacrylic acid  anchors in DSCs .  
0 
N 
d 
N l 3  
N l 4  
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Figure 1 .20. The molecular structures o f  dyes N B  and NI4. 
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Figure 1 .2 1 .  The molecular structures of YNI- 1 and YNI-2.  
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Figure 1 .22. The molecular structure of MH3 . 
1 . 5. 6 Sulfonic A cid 
Su lfonic acid also has the ability to noncovalent ly bond to Ti02. OFT calculations have 
determined both bidentate and tridentate anchoring configurations. 1 oo, 1 o 1  In  200 1 ,  Huang et 
a l .  studied the binding of hemicyanine dyes BTS and IDS (F i gure 1 . 23), which had 
sulfonate anchors. on to HCl-treated Ti02 . 1 02 The efficiencies \Vere 3 . 1 % for BTS and 1 .3 %  
fo r  IDS. and once the Ti02 surface was treated with H C l ,  the efficiencies j umped t o  5 . 1 % 
and 4. 8%. respectively .  The sul fonate-anchored dye also exhibited almost 1 00% i ncident 
monochromatic photon-to-electron conversion efiiciencies at their  maximum absorption 
wavelength and the short-c ircuit photocurrent for BTS and IDS i mproved by 99% and 
329%, respectively.  The HCI treatment strengthened the sulfonate ' s  anchoring abi l ity and 
al lowed more dyes to adsorb to the Ti02 surface by creating a posit ive sh ift i n  the 
semiconductor' s flat band potential  and making the surface posit ively charged. In 20 1 2. 
Xu et al .  i nvestigated dye 4c ( Fi gure l .24). a squaraine derivative which employed a 
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sulfonate anchoring group. 1 03 They compared the DSC performances with dyes emp loying 
carhoxylic acid anchors and found that the sulfonate anchor provided a greater degree of  
conj ugation and polarity whi c h  produced more stab le bonds to Ti02.  Cole  et al. studied the 
sulfonic acid anchor on azo dye 2 ( Figure 1 .25) .  1 0 1  Dye 2 was compared to its carboxyl ate, 
hydroxyL and pyridyl variants. Sulfonate produced an effic iency which was competitive 
with that of pyridine. but significantly below that o f  carboxylic acid . It was also found that 
the sulfonate anchor creates the most stable  bonds to the Ti02 surface and promotes dye-
Ti02 coupling to a greater extent than its hydroxyl-.  pyridyl- ,  and carboxyl-anchored 
counterparts. 
I 
N 
\ 
\ 
N 
I 
Figu re 1 .23. The molecular structures of dye BTS and IDS. 
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Figure l .24. The molecular structure of dye 4c.  
Figu re l .25. The molecular structure of Azo dye 2 .  
1 . 5. ""' 8-H.ydroxyquinoline 
8-Hydroxyquino l ine is another anchoring group that has produced promising results. Thi s  
b i  cycl ic  heteroaromatic compound has been shown t o  create highly stable metal complexes 
by binding through its nitrogen and oxygen atoms. 1 04- ' 05 We have previo usly demonstrated. 
in 20 1 2. that 8-hydroxyquinoline also has the ability to b ind dyes to the surface of Ti02 
nanopart ic les. 1 06 The TPPZn-OQ porpyrin ( F igure 1 .26) was studied.  It contained three 
phenyl groups and one 8-hydoxyquinoline anchor bound to its four meso positions. all 
positioned perpendic ular to the p lane of the porphyrin core. When compared to its benzoic 
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acid  counterpart, T P PZn-0<) was found to adsorb to the Ti02 surface with a greater 
stabi l ity and produce simi lar photovoltaic measurements. Whi le  the TiO�-adsorbed benzoi c  
ac id analogue dissociated after o n l y  3 h in acetic aci d  ( 28  mM). TPPZn-OQ displayed no 
d issociation for three weeks. This anchor serves as another potentially viable alternative to 
the standard carboxylic ac id anchor. 
OH 
Figure 1 .26. The molecular structure of TPPZn-OQ. 
1 . 5. 8  Salicyclic Acid 
Sal icylic acid i s  another anchoring group which has produced encouraging results .  This 
anchor combines the carboxyl ic acid anchor with an adj acent hydroxyl group on a phenyl 
ring. It was first employed by Jing et al .  in 20 1 3  in  their G20 1 Zn porphyrin ( F igure 1 . 27 ) . 1 07 
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This compound featured an azo bridge between the z inc porphyrin and the anchor. The 
salicy l ic  aci d  resul ted in significant improvements in  al l  photovoltaic measurements and a 
ten-fold increase in the photoelectric conversion efficiency  relative to the carboxyl i c  ac id­
anchored version (TCPPZn) . Moreover. i t  was determined that a tridentate binding mode 
exists  between the anchor 's  carboxyl and hydroxyl groups and the Ti02 nanopart ic les .  I n  
20 1 4, the group also studied PESm ( Figure l .28) . 1 08 They reat1irmed their previous 
findings when PESm doubled the cell efiic iency and performed better than its carboxyl ic 
acid-anchored analogue on a l l  photovoltaic parameters. They also found that positioning 
the sal icy l ic acid ' s carboxyl group in the pheny l ' s  meta position and the hydroxyl on the 
para position resulted in a large decrease in the overall cel l  efficiency .  Through OFT 
calcu lations, it was proposed that more electron pathways are possible during the electron 
injection process when the carboxyl ic  acid group is located in the para posit ion. 
N H 1  
Figure 1 .27. The molecular structure of G20 1 Zn. 
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COOH 
OH 
�igure 1 .28. The molecular structure of PESm. 
1 .6 Motivation 
Organic photovoltaics  currently provide an economically and technically feas ible 
alternative to si l icon-based solar cells .  However, their low efficiencies have prevented 
them from competing commerc ially. The dye aggregation, lack of Ti02 binding strength, 
narrow band absorbance, and l imited absorption in the red and NIR regions are among the 
l argest contributors to the low overall efficiencies produced by BODTPY dyes.  Therefore. 
there is an urgent need to develop broadband, red-shifted BODIPY sensitizers with high 
molar extinction coefficients, and suitable anchoring groups to enhance the efficiency in  
DSCs .  
43 
l .  7 Obj ectives 
• Synthesize broadband. red-shifted BODIPY dyes that exhibit  a reduced 
aggregation and increased stabi l ity 
o Attach styrene groups to the BODIPY core to extend conjugation and 
promote a broadband, red-shifted absorbance spectmm 
o Bind a 2,6-dihexyloxyphenyl group to the BODIPY' s meso position to 
separate the adsorbed dye molecules and l imit aggregation. 
o Employ the 8-hydroxyquinoline and cyanoacrylic acid anchors to 
improve the Ti02 binding strength and increase cel l  stab i l ity 
• Characterize intermediates and final products via 1 H NMR spectroscopy 
• Detem1ine the UV-VI S  absorbance of intermediates and final products 
• Calculate dye loading density of final products on Ti02 
• Assemble solar cel ls and measure photovoltaic properties of final dyes 
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2. 1 .  General 
2. 1 . 1 .  1\Jaterials 
CHAPTER 2 
EXPERIMENTAL 
All reagents and so lvents were purchased from commercial sources and employed without 
further purification unless otherwise stated. The procedure includes analytical grade 
chemicals that were used as rece ived. Chloroform (CHC ' 3 ) , dichloromethane (CH2Ch),  
methanol (CH30H), hexane, and trimethylamine ( EtJN) were purchased from Fisher 
Chemical Scientific .  The 2 .3 -dichloro-5,6-dicyano- 1 .4-benzoquinone ( DDQ) was supplied 
by Biosynth lnternationaL Inc . The 2 ,6-bis(hexyloxy)benzaldehyde was synthesized by Dr. 
Lianzhi Zhang from South Dakota State University . The tetrahydrofuran (THF), 
dimethylformamide ( DM F), deuterated chloroform (CDCh), N-iodosuccinimide (NIS ) .  
copper( ! )  iodide (Cul),  tetrakis(triphenylphosphine) pal ladium(O) (Pd(PPh3)4), boron 
trifluoride diethyl etherate (Bf 30Eti) ca. 48%, 2.4-dimethylpyrrole. dry CH2Ch, and 
mesitaldehyde were purchased from ACROS Organics .  The argon and nitrogen gas 
cylinders were suppl ied by Geno Welding (Mattoon. IL) .  The 230-400 mesh sil ica gel was 
purchased from Dynamic Adsorbents, Inc. 
2. 1 .  2. Instruments 
The column chromatography was conducted using a 230-400 mesh silica gel .  NMR spectra 
were recorded using a 400 MHz Bruker Avance I I -NMR spectrometer. ACROS Organics 
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chloroform-ct 99 .8% D as a solvent. containing 0 .03% (v/v) TMS.  was used with a sample 
quantity of 4-6 mg depending on the sample molecular weight. The chemical shifts were 
reported in parts per m i l l ion (ppm) and referenced to TMS. For the signal spl itting, the 
following abbreviations are used: s, s inglet: d, doublet; t. triplet; m, multiplet; bs, broad 
singlet. UV-VIS absorption spectra were performed on a Cary l 00 Series UV-VIS Dual 
Beam Spectrophotometer over a range of 200-800 nm. The glovebox was obtained from 
MBRAun. The spincoater was obtained by Laurel l  and MODEL is WS-400B-6NPP/LITE. 
Current-voltage (1-V) measurements of DSCs were obtained on ORIEL photovoltaic 
measurement unit using LCS- 1 00 as a l ight source. 
S ingle-crystal X-ray diffraction analysis was performed on a C C D-based commerc ial X­
ray diffractometer using Cu-K radiation (A = 1 . 54 1 78 A 0). The crystals were mounted on 
glass fibers and the frames were collected at 1 00 K. The SDABS ( Bruker, 20 1 2) program 
was used to correct the absorption data. Computing data reduction was done via SAINT 
(Bruker, 20 1 0) and XPREP (Bruker. 20 1 0) .  The computer structure solution was 
performed by SHELXL-20 1 4  (Sheldrick, 20 1 4) .  
2.2. Synthesis 
A synthetic  overview for the synthesis of the dyes is  i l lustrated below ( Figure 2 . 1 ) .  The 
details of the synthesis are presented in sections 2 .2 . 1 -2 .2 . 1 4 . 
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" . 2 equiv 
\ I H I  - R 1 . R- = C H ,  
I • \ 1 117  - R •• OC,. H 1 3 :  R- = H 
\ 1 1 1 1 0 - R OC, H 1 3 •  R • II 
("I i 
·. ,) I H I 
\-{ \,,__��_,(/ I -
' ' 
\ I H5 - R . R- • Cll , 
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l>H 
I 2 \Hll  - R  . R  = CH ,  
N I S  
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\1H2 - R 1 .  R:: = C H 3  
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TEA.  TH F .  
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Figure 2.1. Synthetic overview of MH5,  MH6, and HS l O . 
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2. 2. 1 .  Synthesis ofMHJ 
H 
+ �  -
2 equiv 
M H I 
Figure 2 .2.  Synthesis of MH l .  
This compound was prepared according to the l iterature method. 1 09 Under N1 atmosphere. 
to a solution of 2 .4.6-trimethylbenzaldehyde (593 mg, 4 .00 mmol) and 2.4-dimethyl- l H-
pyrro le  ( 859  mg, 9 .03 mmol) in  1 50 .0  m L  CH2Ch, 5 drops of tritluoroacetic acid were 
added at room temperature. The solution was stirred for 3 h. 2 ,3 -dichloro-5 ,6-dicyano- 1 .4-
benzoquinone (908 mg, 4.00 mmol )  was added and stirred for l h .  Triethylamine ( 3 . 3 5  mL 
24.0 mmol)  and BF3•EtiO. ca. 48% (3 .95 mL, 1 5 .0  mmol )  was added and the reaction 
mixture stirred for 2 h. The solvent was then removed under vacuum and the black o i ly  
residue was purified using column chromatography on sil ica with chloroform/hexane = 
2 :  I .  The product fraction had a green fluorescence and yielded as a dark orange sol id. 
Yield: 544 mg, 3 7 . 1  %.  
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.l. 2. 2. S)1nthesis of}vfH2 
N I S  
DC M. rt 
MH l M H2 
Figure 2.3. Synthesis of MH2. 
Thi s  compound was prepared according to the l iterature method. 110 N- iodosucc inimide 
( 799 mg. 3 . 5 5  mmol) was dissolved in 70.0 mL CH2Ch then added dropwise to a so lution 
of MH l ( 587  mg, 1.60 mmol )  in 200.0 mL CH2Ch at room temperature. The so lution was 
stirred for 1 2  h. then the solvent was removed under vacuum. The crude red solid product 
was purified using co lumn chromatography on si l ica with dichloromethane/hexane = 3 : 8 .  
The product fraction was bright red and yielded as a red solid. Yield: 803 mg. 8 1 .  l % .  
l. 2. 3. S}nthesis o(MH3 
\1H2 
\� 
/ �- -- \ N 
Cul .  Pd( PPh J,, / 
IEA. Tiff. 
60 ''(' 
Figure 2.4. Synthesis of MH3 .  
\I H3 
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Thi s  compound was prepared according to the l iterature method. 11 1 Under Ar atmosphere, 
MH2 ( 1 00 mg, 0 . 1 62 mmol) ,  4-ethynyl -N,N-dimethylani line ( 2 1 mg, 0. 1 4  mmol) ,  
Pd(PPh3)4 ( 2 8  mg, 0 .024 mmol), Cul ( 4 mg, 0 .02 mmol) and Et3N ( 3 . 0  mL, 2 2  mmol) were 
dissolved in THF (3 5 . 0  mL). The solution was heated at 60 °C for 24h. The mixture was 
cooled then the solvent was removed under vacuum. The crude product was purified via 
column chromatography on sil ica with chloroform/hexane = 2: 1 .  The product fraction was 
dark purple and yielded as a purple so l id .  Yield:  56 mg, 60 .9%. 
2. 2.-1 .  S.ynthesis ofMH4 
\ 
'J 
I 
==--8-0� 
I - - - \ !/ �->-=--< · C'u l ,  Pdf P P h 1  l� ·/ 
TEA,  THF .  
olJ "C 
Figure 2.5. Synthesis of MH4. 
OBoc 
MH4 
This compound was prepared according to the l i terature method. 1 1 1  To a pressure tube 
under Ar atmosphere, MH3 (56 mg, 0 .088 mmol) ,  L l -dimethylethyl-5-ethynyl-8-
quinol inyl ester carbonic acid (28 mg, 0 . 1 0  mmol) ,  Pd(PPh3)4 (28 mg, 0 .024 mmol) ,  Cul 
(4 mg, 0 .02 mmol )  and Et3N (3 .0  mL 22 m ol )  were dissolved in THF ( 3 5 .0 mL) .  The 
solution was heated at 60 °C for 24h. The mixture was cooled then the solvent was removed 
under vacuum. The crude product was purified via column chromatography on s i l ica  with 
chloro form/hexane = 2: 1 .  The product fraction was dark purple and yielded as a purple 
sol id .  Yie ld :  1 2  mg, 1 7 .6%. 
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2. 2. 5. S)mthesis <?fAlH5 
\ f �·>----< · 
I 
\ I H4 
0 
H \ OBoc - N 
I 
Figure 2.6. Synthesis of MI-15 . 
OH 
\IH5 
This compound was prepared according to the l iterature method.  1 1 2 MI-14 ( 1 2  mg, 0.0 1 6  
mmol)  and piperidine ( 3 5 . 5  µL, 0 .3 1 0  mrno l) were dissolved in CH2Ch (50 .0 mL) and 
stirred for 1 1  h. The solvent was removed under vacuum. The crude product was purified 
via column chromatography on si l ica with chloroform/methanol = 9: 1 .  The product 
fraction was dark purple and yielded as a purple sol id .  Yield was insufficient for further 
purification or analysis .  
2. 2. 6. Synthesis t?f1v!H6 
p-TsOH 
Piperidine 
MH2 2 equiv 
5 1  
Figure 2 .  7. Synthesis of MH6. 
This compound was prepared according to the l iterature method. 1 1 3 MH2 (835 mg, 1 .3 5  
mmol) . p-tolualdehyde ( l  020 mg. 8 .489 mmol) .  p-to luenesulfon ic  acid ( 1 55 mg, 0 .  900 
mmol) ,  and piperidine ( 5 . 0  mL, 50 mmol )  were dissolved in benzene ( 1 60 .0  mL) and 
refluxed for 1 5  h us ing a Dean-Stark trap. The solvent was removed under vacuum. The 
crude product was purified via column chromatography on silica with CH2Cb/hexane ( 7 : 3 ,  
v/v), and twice with C H2Cb/hexane ( 5 :9 ,  v/v) .  The  product fraction was dark reddish 
brown and yielded as a reddish brown solid. Material was insutlicient for complete 
purification. Yie ld was approximately 27 mg, 2 .43%. 
2. 2. 7. Synthesis ofHS9 
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\IHJ  
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rEA.  Tiff, 
bO "'C 
Figure 2 .8. Synthesis of HS9.  
HS9 
This compound was prepared according to the l iterature method. 1 1 4 Under Ar atmosphere. 
MH3 ( 1 65 mg, 0 .260 mmol),  4-ethynylbenzaldehyde ( 3 3  mg, 0 .25 mmol), Pd(PPh3)2Cb (9 
mg, 0 .0 1 mmol) ,  Cul (5 mg, 0 .03 mmol) ,  PPh3 (65 mg, 0 .25 mmol) and Et3N (2 .0 mL,  1 4  
mmol) were dissolved in THF (25 . 0  mL). The solution was heated at 60 °C for 24h. The 
mixture was cooled then the solvent was removed under vacuum. The crude product was 
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purified v ia  column chromatography on s i l ica with chloroform/hexane = 2 :  l .  The product 
fraction was dark purple and y ie lded as a purple sol id .  Yield: 48 mg, 29 .8  %. 
1. 2. 8. Synthesis of"HS J O  
l l S'J 
Figure 2.9. Synthesis of HS 1 0 . 
This compound was prepared according to the l iterature method. 7h HS9 ( 48 mg, 0 .076 
mmol ) ,  p iperid ine (20 .0 µL 0.202 mmol) ,  cyanocaet i c  acid  ( 5 1 mg,  0 .60 mmol )  were 
dissolved in CHCb ( 1 5 .0 mL) and CH3CN ( 1 0 .0  mL) and stirred for 1 1  h .  The solvent was 
removed under vacuum. The c rude product was purified via column chromatography on 
sil ica with chloroform/methanol = 9: 1 .  The product fraction was dark purple and yielded 
as a purp le  so l id.  Yie ld :  1 4  mg, 26 .4 %. 
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2. 2. 9. S)mthesis ofJIH7 
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Figure 2. 1 0. Synthesis  of MH7.  
'v1 1 17 
Thi s  compound was prepared according to the l iterature method. 1 09 This compound was 
prepared according to the l iterature method. Under N2 atmosphere, to a solution of 2.6-
bi s(hexyloxy)-bcnzaldehyde ( 1 8 1 2  mg. 5 .9 1 3  mmol) and 2.4-dimethyl- l H-pyrrole ( 1 , 1 80 
mg, 1 2 .43 mmol) in CH2Ch ( 1 50 .0 mL), 5 drops of trifluoroacetic ac id were added at room 
temperature. The solution was stirred for 3 h .  2.3-dichloro-5 .6-dicyano- I .4-benzoquinone 
( 1 .340 mg, 5 .903 mmol)  was added and stirred for 1 h. Triethylamine (4 .9 mL 35  mmol) 
and Bf 3•Et20, ca. 48% ( 5 .8  mL, 22.0 mmol)  was added and the  reaction mixture sti rred 
for 2 h .  The solvent was then removed under vacuum and the black oily residue was 
pur ified using column chromatography on s i l ica  with chloroform/hexane = 2 :  1 .  The 
product fraction had a green fluorescence and yielded as a dark green solid.  Yield: 544 mg, 
1 7 . 5%. 
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.:. 2. 1 0. S�vnthesis ofMH8 
N I S  
DCM. rt 
\ I H 7  ,\I H8 
Figure 2 . 1 1 . Synthesis of MH8.  
This  compound was prepared according to the l iterature method. 1 1 0 N-iodosuccinimide 
(504 mg, 2 .24 mmol) was dissolved in CH2Cb ( 70 .0 mL) then added dropwise to a solution 
of MH7 (544 mg, 1 .04 mmol) in CH2Cb ( 1 50 .0 mL) at room temperature . The so lution 
was sti rred for 1 2  h, then the solvent was removed under vacuum. The crude red so l id  
product was purified using column chromatography on si l ica with CH2Cb/hexane ( 3 : 8 , 
v/v) .  The product fraction was bright red and yielded as a red solid. Yield: 585  mg, 72. 7%. 
2. 2. 1 1 . ,�vnthesis ofA1H9 
\ I H 8  
\ . -� \ / - N 
Cul .  Pdl PPh),. 
TEA. IHF.  
60 "C 
I 
Figure 2 . 1 2. Synthesis of MH9. 
\ I H 9  
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Thi s  compound was prepared according to the l iterature method. 11 1 Under Ar atmosphere, 
MH8 ( l 80 mg, 0 .232  mmol), 4-ethynyl-N,N-d imethylani line (32 mg, 0 .22 mmol ), 
Pd( PPh3)4 ( 28  mg, 0 .024 mmol), Cul ( 4 mg, 0 .02 mmol)  and EtJN ( 3 . 0  mL ,  22 mmoi) were 
d issolved in  THF (3 5 . 0  mL) . The solution was heated at 60 °C for 24h. The mixture was 
cooled then the solvent was removed under vacuum. The crude product was purified via 
column chromatography on silica with chloroform/hexane = 2: 1 .  The product fraction was 
dark purple and y ielded as a purple sol id. Yield: 72 . 8  mg, 4 1 . 6 %. 
2. 2. 1 2  . .'i)nthesis olA!HI O 
013oc 
\ 1 119  \ IH I O  
Figure 2 . 13 .  Synthesis of M H I O . 
This compound was prepared according to the l iterature method. 11 1 Under Ar atmosphere. 
MH9 ( 73 mg, 0 .092 mmo l ) ,  l ,  l -dimethylethyl-5-ethynyl-8-quinol inyl ester carbonic acid 
( 25 mg, 0 .093 rnmol),  Pd(PPh3)4 (28 mg, 0 .024 mmol), Cul (4 mg, 0 .02 mmo l) and Et3N 
( 3 .0 mL, 22 mmol)  were dissolved in THF ( 3 5 .0 mL) . The solution was heated at 60 ''C for 
24h.  The mixture was coo led then the solvent was removed under vacuum. The crude 
product was purified via column chromatography on s i l ica with chloroform/hexane = 2 :  1 .  
The product fraction was dark purple and y ielded as a purple so l id .  Material was 
insufficient for completing the purification. Yield was approximately 4 mg, 4 .65 %. 
56 
2. 2. 1 3  . •  S)nthesis of At HI 2 
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Figure 2. 1 4. Synthesis of M H 1 2. 
0 
OH 
\ 1H 1 2  
This  compound was prepared according to the l iterature method. 1 1 1 lJnder Ar atmosphere. 
MH9 ( 1 00 mg, 0. 1 26 mmol),  4-ethynylbenzaldehyde (20 mg, 0. 1 5  mmol) ,  Pd(PPh3}:1 ( 2 8  
mg, 0 .024 mmol ) ,  Cul (4 mg, 0.02 mmol )  and Et_1N ( 3 . 0  mL, 22 mmol) were dissolved i n  
TH F ( 3 5 .0 mL).  The solution was heated at 60 ''C for 24h.  The mixture was coo led then 
the solvent was removed under vacuum. The crude product was purified via column 
chromatography on sil ica with chloroform/hexane = 2: 1 .  The product fraction was dark 
purple and yielded as a purple sol id .  Yield:  58  mg. 5 7 .8%. 
2. 2. 1 .f.. Synthesis o{MHJ 3 
\IH I :?  '\IH l 3  
Figure 2 . 15.  Synthesi s of M H  1 3 .  
Thi s  compound was prepared according to the l iterature method. 76 MH 1 2  ( 5 8  mg, 0 .073 
mmol). p iperidine (20 .0  �tL ,  0.20 mmol)  and cyanoacetic acid ( 1 0 . 8  mg, 0 . 1 2  7 mmol) 
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were d issolved in C H  Cb ( 1 5 .0  mL) and CI-bCN ( 1 0 .0  mL)  and stirred for 1 1  h .  The 
solvent was removed under vacuum. The crude product was purified via column 
chromatography on s i l ica with chloroform/methanol = 9: 1. The product fraction was dark 
purple and yie lded as a purple sol id .  Yield:  3 3  mg, 53 .0%. 
2.3. Measurements 
2. 3. 1 .  UV- VIS Absorption Spectra in Solution 
The absorption spectra were first obtained in solution. A 25 .0  mL stock solution of each 
dye was prepared and a specified quantity of each was added to 3 . 0  mL of di chloromethane 
in a 1 .0 cm quartz cuvette . The spectra were recorded from 200-800 nm. Table 3 . 3  l i sts the 
final concentrations of each dye that was analyzed. 
The concentration for each dye i n  the cuvette (C2)  was determined first by determining the 
concentration of the stock solution (Mstock) using the molarity formula. 
then using the dilution formula. 
Moles of dye 
Mstock = Liters of so lvent 
C lV l  
C2 = -­
vz 
where C l  is the concentration of the stock solution. V l  is the volume of the stock solution 
added. and V2 is the total volume in the cuvette. which is V l  + 3 . 0  mL for MH 13 and its 
precursors. and V 1 + 2. 0 mL for HS 1 0  and its precursors. 
The absorption  coefficient (£)  was calculated for each dye using the Beer-Lambert law. 
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A = Ebc 
where A is the dye ' s  maximum absorption, b is the l ight " s path length, and c is  the analyte 
concentration .  
2. 3. 2. U V- VIS Calibrafion Curvesfor Dye-Loading Density 
Stock so lutions were prepared for MH 1 3 and H S  I 0 at concentrations of 2 . 1 x 1 0-4 mol/L 
and 1 .6 x 1 0-4 mol/L respect ive ly. using a 0.05 mol/L NaOH (25 :5  DMF/H 20 . v/v) solvent. 
Each dye was added to a cuvette with 3 .00 mL of C H2Cb solvent in successive 50 µL 
al iquots. A total of four aliquots, 200 µL \Vere added and analyzed for each dye. The 
absorbance at the wavelength (Amax) of 485 nm was determined for both dyes at  different 
concentrations. The absorbance at 485 nm was then plotted against the concentration of  
each dye (C2 ) .  Using l inear fitting, the slope and R2 values were obtained for each dye. 
L inear formulas \Vere generated with an R2 value of 0 .9994 for MHl 3 (equation 4), and 
0. 9966 for HS 1 0  ( equation 5) .  
2. 3. 3 .  Dye-Loading on Ti02 Nanopartic!es 
Solutions were prepared for MH 1 3 and HS 1 0  at concentrations of 7 .5  x 1 0 -4 M using a 1 :  I 
toluene/methanol ( v/v ) solvent. To the MH 1 3  and HS 1 0  solutions. 1 .3 5  mg and 1 .40 mg 
of white Ti02 flakes were added. respectively .  The Ti02 flakes were allO\ved to sit in the 
solut ions for 6 h. The Ti02 flakes were removed and thoroughly  rinsed with MeOH to 
remove all physical l y  bound dye molecules .  The semiconductor flakes appeared dark 
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purple in co lor. The Ti02 nanopartic les were then submerged into a 2 . 3  mL so lution of 
0 .05 mol/L NaOH ( in 2 5 : 5  DMF/H20, v/v) in  order to desorb the dye molecules. The 
desorption took place immediate ly .  The solutions were both purple with a sl ightly red hue. 
The 2 .3  mL deadsorbed dye solutions were then diluted to 25 .00 mL using the same 
solvent. These stock so lutions were then di luted in a cuvette, as indicated in Tables 3 .6 and 
3 . 7 ,  and analyzed via UV-VIS spectroscopy . The calibration curve was used to detem1ine 
the dye concentration, which was used to determine the total number of dye molecules .  
The dye loading density of each dye was determined by dividing the total number of 
desorbed dye molecules by the total surface area of the respective Ti02 flake. A specific 
area of 760,000 cm2/g was used for the Ti02 nanoparticles .  
2. 3 . .f. .  Fabrication and Photovoltaic Characterization 
Fluorine-tin-oxide (FTO) glass slides were boiled in aqueous soap for 3 0  minutes then 
thoroughly  rinsed with disti l led water. The slides were then dipped in a solution of acetone 
and isopropanol and sonicated. After 30 minutes, the slides were removed, rinsed with DI  
water, then air dried. A 0 .63 5 cm hole-punched piece of 3 M  tape was employed as  a mask 
for the layer of commercial Ti02 paste ( 1 8  N R-T) .  The paste was doctor-bladed onto the 
masked sl ide then was air dried for 1 5  minutes .  This process was repeated once to thicken 
the layer of Ti02 nanopartic les. Once the Ti02 was added, a scattering layer was appl ied 
similarly one time . Lastly, the electrode was immersed into a 4-dram vial containing 5 mL 
of TiC l4 in DI  H10 for 2 hours. The electrode was removed and rinsed three t imes with 
disti l led water. It was sintered at 450 °C for 30 minutes then cooled to 80 °C .  The 
temperature was increased from 1 00 °C at a rate of 5 °C per minute . The sl ide was then 
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dipped into a 0 .2  mM dye solution in  methano l for 4 hours at room temperature . The sample 
was then removed, rinsed with methanol then air dried. 
To prepare the counter e lectrode, two holes were dri l led into the slide then it was c leaned 
similarly to the photoelectrode. One drop of H4PtC16·2H20 ethanol solution was added. the 
s l ide was ai r dried for l 0 minutes. then sintered at 450 °C for 30 minutes with the 
temperature increasing from 1 00 °C at a rate of 5 °C per minute . Atter cooling to room 
temperature. a parafi lm mask was placed around the dye coated film of the photoelectrode 
and the counter electrode was placed on top .  The assembly was placed on a hotplate and 
heated at 45 °C . As the parafilm melted. the two e lectrodes were gently pressed together to 
cnsme a proper seal. The assembly was then cooled down to room temperature. The 
e lectrolyte solution (0 .6  M l -propyl-2,3 -dimethyl imida-zolium iodide. 0 .05M h. O .  I M  LiL 
0. 1 M guanidine thiocynate. and 0.5 M tert-butylpyridine m an 85 : 1 5  
acetonitrile/valeronitril e  solvent) was inj ected into one of the holes dril led into the counter 
electrode unt i l  the e lectrolyte appeared through the second dri l led hole .  Excess electro lyte 
was removed. The two holes were sealed using 3 M tape and the solar cel l  was complete 
for photovoltaic performance measurements .  The active surface area for the fabricated 
solar cel ls  was 0 .283 cm2• 
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E lectrolyte 
Holes for 
i nj ecting 
el ectrol yte 
• 
Dye coated Ti 02 
Ti02 
photoel ectrode 
Pt counter 
.. ,.... __ e lectrode 
Figure 2.16. An i l l ustrat ion of the resu lting so lar ce l l  from a top v iew. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
3. 1 .  Characterization 
3. 1 . 1 .  M\1R Spectroscopy 
3. 1 . 1 . a. 1 H N,VfR o.f'Compound 1V!Hl 
1H NMR (400 M Hz. CDC'3 ) :  () = 6 .94 ( s, 2 H), 5 .96 (s, 2 H), 2 . 56  (s, 6H),  2 . 3 3  (s, 3 H) ,  2 .09 
(s, 6H), 1 . 3 8  (s ,  6H) .  
The 1 H NMR spectrum for MH l is i l lustrated in  the appendix (Figure A. 1 ) . S ix maj or 
peaks were produced. The two aromatic protons on the pyrrole groups, labeled as an e.  
produced a singlet at 5 .96 ppm. The methyl groups bound to the pyrrole adjacent to the 
nitrogen atoms, labeled as an f, produced a singlet at 2 . 56  ppm. The second set of methyl 
groups on the BODIPY core, labeled as a d, appeared as a singlet at 2 .09 ppm. The mesity l  
substituent ' s aromatic protons, labeled as  a b, resulted in the most deshielded peak at 6 .94 
ppm. The meso substituent' s  methyl group in  the para position resulted in a singlet at 2 . 3 3 ,  
while the two remaining methyl groups, labeled a s  a c ,  produced a singlet at 1 . 3 8  ppm. 
3. 1 . 1 .  b. 1 H Nlv!R of Compound 1\1H2 
1 H NMR (400 MHz, CDCb ) :  () = 6 .97 (s, 2H). 2 .65 (s, 6H), 2 . 36  ( s, 3 H), 2 .06 ( s, 6H), 1 .40 
( s, 6H) .  
The 1H NMR spectrum for MH2 is  i l lustrated in  the appendix ( F igure A.2) .  Five major 
peaks were produced. The methyl groups bound to the BODIPY core adjacent to the 
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nitrogen atoms, labeled as an e, experienced a downfield shift to 2 .65  ppm. The second set 
of methyl groups bound to the pyr ole moieties. labeled as an d, resulted in a singlet at 2 .06 
ppm. The aromatic proton peaks at 5 .96 ppm disappeared. The mesityl substituent 
contained the only aromatic protons, labeled as a b, which appeared as a singlet at 6. 97 
ppm. The methyl group located in the para position relative to the BOD lPY core produced 
at singlet at 2 . 36  ppm. The remaining methyl groups, labeled as a c ,  resulted in a singlet at 
1 .40 ppm. 
3. 1 . 1 . c. 1H NMR ofCompound AfHJ 
1 H  NMR (400 MHz, CDCb): <5 = 7 .34 (d, J = 9 Hz, 2H), 6 .97 (d, J = .2H), 6 .66 (d, J = 
.2H), 2 .98 ( s, 6H), 2 . 70 ( s .  3 H), 2 .65  (s, 3H),  2 . 36  (s, 3 H), 2 .08  (s .  6H), 1 . 5 0  ( s. 3 H). 1 .4 1  
( s. 3 H) . 
The 1 H NMR spectrum for MH3 is  illustrated in the appendix (Figure A .3 ) .  Nine major 
peaks were produced. The two sets of methyl groups on the BODlPY core were no longer 
equivalent .  The two methyl groups bound adj acently to the nitrogen atoms, labeled as an e 
and f, produced singlets at 2 . 70 and 2 .65 ppm. respectively. The remaining two methyl 
groups on the BODIPY core, labeled as a d  and k, appeared as singlets at l . 50  and 1 .4 1  
ppm. respectively. The mesityl substituent experienced minimal changes in shift .  The 
methyl positioned para to the BODIPY core, labeled as an a. created a singlet at 2 . 36  ppm 
and the remaining two methyl groups, labeled as a c and 1 ,  appeared as a singlet at 2 .08  
ppm. The donor contained two methyl groups, labeled as i and j ,  which produced one 
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singlet at 2 .98 .  The aromatic ring  contained protons h and g which resulted in a broad 
s inglet and a doublet at 6 .66 and 7 .34 ppm, respectively. 
3. 1 . 1 . d.  1 H NMR l?(Compound HS I O  
1 H  NMR (400 MHz, CDCh) : 6 = 8 . 1 5  (s, l H),  7 .95 (d ,  J =  7 .8  Hz ,  2H) .  7 . 58  (d, J =  7 . 1 
Hz. 2H) ,  7 .23  (d. J =  9 . 1 Hz, 2H), 7 . 1 0  (s, 2H), 6 . 54  (s, 2H), 2 . 77  (s, 3H) ,  2 .66 (s, 6H), 
2 . 3 8  (s,  6H),  2 . 1 2  (s, 6H),  1 . 5 7  (s ,  6H), 1 . 3 0  (s, 3H) .  
The 1 H NMR spectrum for HS 10  is i l lustrated in  the appendix (Figure A.4 ) .  Twelve major 
peaks were produced. The two methyl groups on posit ions 3 and 5 of the BODIPY core, 
l abeled as h and i, underwent minimal changes and created singlets at 1 . 30  and 2. 77 ppm, 
respectively. The two methyl groups bound to positions 1 and 7 of the BODIPY core, 
labeled d, yielded a singlet at 2 . 1 2  ppm. The mesityl methyl groups, labeled as a and c ,  
resulted in  peaks at  2 .38  ppm and 1 . 5 7  ppm, respectively. The aromatic hydrogens, found 
on the mesityl group ( labeled b)  yielded a s inglet at 6 . 54  ppm. which was slightly shielded 
due to the electron acceptor. The doublet at 7 .23 ppm and the singlet at 7 . 1 0  ppm belonged 
to the familiar aromatic hydrogens on the 4-ethynyl-N.N-dimethylan i line, labeled as an 1 ,  
produced a peak that was shifted upfield to  2 . 66 ppm. The most deshielded proton, 
appearing at 8 . 1 5  ppm, was new and belonged to the cyanoacryl ic ac id olefinic proton 
( labeled g) .  The new doublet at 7 .95 ppm was assigned to the two aromatic hydrogens 
positioned adjacent to the anchor on the electron accepting phenyl substituent ( labeled f) .  
The doublet at  7 .58  ppm was also new and belonged to the remaining aromatic hydrogens 
on the electron acceptor ( labe led e ). 
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3. 1 . 1 . e. 1H NNJR of Compound MH8 
1 H NMR (400 MHz. CDCb) :  & = 7 . 37  (m, l H). 6 .60 ( d, 2H), 3 .90 (t, 4H), 2 . 63 (s, 6H),  
l . 54  (s ,  lOH), 1 . 1 2  (m,  1 2H),  0 .79 (t ,  6H) . 
The 1 H NMR spectrum for MH8 is  il lustrated in the appendix (Fi gure A .5 ) .  Due to the 
symmetry of the molecule. as wel l  as peak overlap, eight maj or peaks were produced. The 
two methyl groups, labeled as a j, bound to the 3 and 5 positions of the BODIPY core 
appeared at 2 .63 ppm. The remaining methyl groups on the BODIPY core. labeled as an i .  
created a singlet a t  1 . 5 5  ppm. The meso substituent contained two distinct aromatic proton 
groups. labeled as a and b, which contained produced a triplet at 7 . 3 7  and a doublet at 6 .60 
ppm, respectively.  The protons on the two hexyloxy substituents bound adjacent to the 
oxygen atoms, labeled as a c, produced a triplet at 3 .90 ppm. The beta protons on the 
hexyloxy side chains, labeled as a d. resulted in a peak at 1 . 54 ppm. The remaining protons, 
less the terminal hydrogens, labeled as e-g, appeared as a broad singlet at 1 . 1 2  ppm. The 
terminal protons. labe led as an h, created a triplet at 0 .  79 ppm.  
3. 1 . 1 .f 1 H NAIR of Compound 1\!JH9 
1H NMR (400 MHz. CDCb) :  & = 7 . 35  (t. J = 8 . 5  Hz. l H), 7 . 32  (d. J = 9 . 1 Hz. 2H), 6 . 63 
(d, J = 1 8 . 8  Hz, 2H), 6 .60 (d, J = 8 . 8  Hz, 2H). 3 . 9 1 (t, J = 6 .3  Hz, 4H), 2 .97 (s ,  6H) .  2 .68  
( s ,  3 H) ,  2 .62 (s, 3H) , 1 .63 ( s, 3 H) ,  1 . 5 5  (s ,  3H ), 1 . 1 3  (m, 1 2H), 0 .80  (t, J = 7 . 1 Hz, 6H) . 
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The 1 H N MR spectrum for MH9 i s  i l lustrated in the appendix (Figure A.6) .  Twelve maj or 
peaks were produced. The two methyl groups bonded to the 3 and 5 positions of the 
BODIPY core, labeled as k and l, were no longer equivalent and created singlets at 2 .68  
and 2 .62 ppm, respectively. The two methyl groups bound to  the 1 and 7 positions of the 
BODIPY core, labeled as i and j ,  also became distinct and induced the peaks at 1 .63 and 
1 . 5 5  ppm, respectively.  The meso substituent experienced negl igible changes. The two 
distinct aromatic protons. labeled as a and b, generated the peaks at 7 . 36  and 6 .60 ppm, 
respectively. The protons on the two hexyloxy substituents bound adjacent to the oxygen 
atoms, labeled as a c .  produced a trip let at 3 .9 1  ppm. The beta protons on the hexyloxy side 
chains. labeled as a d.  resulted in a peak at 1 . 5 5  ppm. The remaining protons, less the 
terminal hydrogens. labeled as e-g, appeared as a broad singlet at 1 . 1 3  ppm. The terminal 
protons, labeled as an h. created a triplet at 0 .80  ppm. The most deshielded protons were 
aromatic ;  they belonged to the 4-ethynyl-N. N-dimethylani l ine ' s  benzene, labeled an m, 
and produced a signal at 7 .32 ppm. The last two aromatic hydrogens found on the e lectron 
donor. labeled as an h. yielded a doublet at 6 .63 ppm. The two methyl  groups on the 
e lectron donor, labeled as o and p, produced a singlet at 2 .97  ppm. respectively. 
3. 1 . 1 .g. 1 H NMR o_f"Compound MHJ 2 
1 H NMR (400 MHz, CDCb) :  8 = 9 .99 (s .  l H), 7 . 82 (d, J = 8 . 3  Hz. 2H), 7 . 57  (d, J = 8 . 1 Hz, 
2H), 7 . 35  (m, 3 H), 6 .62 (m, 4H), 3 .92 (t, 4H), 2 .98 (s, 6H), 2 . 7 1 ( s, 6H), 1 .67 ( s, 6H). 1 . 54  
(m, 4H), 1 . 1 5  (m. 4H), 0 .79 (t, J == 6 .8  Hz, 6H).  
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The 1 H NMR spectrum for MH 1 2  is i llustrated in  the appendix ( Figure A. 7) .  Twelve major  
peaks were produced. The methyl groups bound to positions 3 and 5 of the BODIPY core 
( labeled m) produced a singlet at 2 .98 ppm. The final two methyl groups, bound to 
positions 1 and 7 of the BODIPY core ( labeled i ) .  induced the singlet at 1 .67  ppm. The 
mesa substi tuent experienced negligible changes. The two distinct aromatic protons. 
labe led as a and b. generated the peaks at 7 . 3 5  and 6.62 ppm, respectively. The protons on 
the two hexyloxy substituents bound adjacent to the oxygen atoms, labeled as a c ,  produced 
a trip let at 3 .92 ppm. The beta protons on the hexyloxy side chains, labeled as a d, resu lted 
in a peak at 1 . 54 ppm. The remaining protons, less the terminal hydrogens, labeled as e-g, 
appeared as a broad singlet at 1 . 1 5  ppm. The terminal protons, labeled as an h,  created a 
trip let at 0 . 79 ppm. The protons on the 4-ethynyl-N, N-dimethylanil ine ' s  benzene, labeled 
as n and o. yielded a peaks at 7 . 3 5  and 6 .63 ppm, respectively . The protons bound to the 
two methyl groups of the e lectron donor, labeled as a p, made a singlet at 2 . 7 1  ppm. The 
new and most deshielded proton is found on the aldehydic proton of the benzaldehyde 
electron acceptor, labeled as an 1. produced a peak at 9 .99 .  The benzaldehyde ' s  benzene 
contains four protons, labe led as k and j ,  which produced two doublets at 7. 82 and 7 . 5 7, 
respectively. 
3. 1 . 1 . h. 1H KMR ofCompound A1Hl3 
1 H  NMR (400 MHz. CDCb) :  o = 8 .22 (s, l H). 7 . 8 8  (bs, 2H), 7 .44 ( bs, 2H), 7 . 34  (m, 3 H), 
6 .63 (m, 4H), 3 .9 1  (t, J = 1 3  Hz, 4H),  2 .98 (s. 6H) .  2 . 70 (d, J = 1 3  Hz, 6H), 1 .66 ( s, 6H), 
l . 5 7  (m, 4H), 1 . 1 3  (m. 1 2H ). 0 .78 ( t, J = 6 Hz. 6H) . 
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The 1 H NMR spectrum for MH 1 3  i s  i l lustrated in the appendix (F igure A.8) .  Twelve major 
peaks were produced. The methyl groups bound to positions 3 and 5 of the BODIPY core 
( labeled m) produced a singlet at 2 .  98 ppm.  The final two methyl groups, bound to 
positions 1 and 7 of the BODIPY core ( labeled i ) ,  induced the singlet at l .66 ppm. The 
mesa substituent exhibited negl igible changes .  The two distinct aromatic protons, labeled 
as a and b, produced peaks at 7 . 34  and 6 .63 ppm, respectively .  The protons on the two 
hexyloxy substituents botmd aqjacent to the oxygen atoms, labeled as a c, produced a triplet 
at 3 .9 1  ppm. The beta protons on the hexyloxy side chains, labeled as a d , resulted in a 
peak at 1 . 5 7  ppm. The remaining protons, less the terminal hydrogens, labeled as e-g, 
appeared as a broad singlet at 1 . 1 3  ppm. The terminal protons, labeled as an h .  created a 
triplet at 0 .78  ppm. The protons on the 4-ethynyl-N,N-dimethylani l ine ' s  benzene, labeled 
as n and o ,  yielded a peaks at 7 .44 and 6 .63 ppm, respectively . The protons bound to the 
two methyl groups of the electron donor, labeled as a p,  made a singlet at 2. 70 ppm. The 
new and most deshielded olefinic proton, found on the cyanoacryl ic acid anchor, labeled 
as an L produced a peak at 9 . 99. 
3. 1 . 2. X-Ray Crystallography 
For dye MH6. single crystals were developed by its dissolution in CHCb followed by the 
slow evaporation of the solvent at room temperature. The obtained single crystal structure 
of MH6 is i l lustrated below ( Figure 3 . 1  ) .  The detailed results of the structural parameters 
of MH6 are l isted in Table 3 . 1 ,  whi le bond lengths and bond angles are presented in Table 
3 .2 .  The BODIPY core. along with the 4-ethenyltoluene substituents are planar and 
symmetrical .  However, the two fluorine atoms bound to boron. as wel l  as the mesityl 
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substituent, s l ightly deviate from the molecule's planarity and symmetry. The boron atom 
was found to adopt a tetrahedral geometry, with bond angles averaging 1 09.3 °. 
Figure 3 . 1 .  Crystal structure of MH6 less the hydrogen atoms for c larity. 
Table 3.1 . Crystal data and structural parameters for M H 6. 
MH6 
Empirical Formula C3sH3sBF2 '2N2 
Form ula Weight 822.29 
T/K 1 00(2) 
IJAo 1 .54 1 78 
Crystal System Monoc l in ic  
Space Group P 2 1 /m 
Cel l d imensions 
a/A 8.3568(2) 
b/A 1 7.0032(4) 
cf A 1 1 . 7572(3) 
a(o) 90 
p(o) 94.2 1 3( 1 )  y(o) 90 
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Volume/ A3 
z 
p(calcd. )/g cm-3 
F(OOO) 
Refl.  Co l lected/independent 
Rint 
Data/restraints/parameters 
Goodness-of-fit on F2 
Refl .  threshold expression 
R i ndices (all data) 
wR1 
R 1 
wR2 
Rz 
1 666.09 
2 
1 . 639 
8 1 2  
9946 
0 .0283 
3 1 59/ 1 .030/223 
1 .030 
I >  2\s( l )  
0.0283 
0 .0273 
0 .0734 
0 .0727 
Table 3.2 .  Selected bond lengths and bond angles for MH6. 
Bond 
B l -F l  
B I -F2 
B l -N I  
C5-C6 
C6-C7 
C7-C 8 
C l 5-C20 
C l 5 -C l 6  
C20-C23 
C l 6-C2 1 
Bond length (A) 
1 . 3 82 
1 . 398  
I . 563  
1 .448 
1 . 340 
I .460 
1 .402 
1 .403 
1 . 5 1 1 
1 . 5 I 4  
3.2. Photophysical Properties 
3. 2. 1 .  UV- VIS A bsorption in Solution 
Bond 
F l -B l -F2 
F l -B I -N l  
F l -B l -N I  
F2-B l -N l  
F2-B l -N l  
N l -B l -N l  
C I -C l  5 -C l 6  
C l -C l 5-C20 
C l  5 -C20-C23 
C l  5-C l 6-C2 1 
Bond angle (0) 
1 09 . 8  
1 1 0 . 5  
109 . 5  
1 09 .5  
1 09 . 5  
1 07 .0  
1 20 .3  
1 1 9 .0  
1 22 .0  
I 20 .4 
Dichloromethane was used as the solvent for the UV-VIS  absorption spectra of the 
synthesized dyes. The spectra are depicted below (F i gures 3 .2 .  3 .3 and 3 .4) . While the 
absorption coefticient and broadness of the peaks rel ied significantly on the substituents 
attached to the BODIPY core. all dyes produced strong absorption peaks between 450 and 
650 nm. 
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When considering HS 1 0  and its intermediates, MH 1 produced the strongest and narrowest 
band at 503 nm. Its absorption coefficient was 8 . 7  x 1 04 M- 1 cm· ' . Upon iodination, the 
absorption was broadened and red-shifted by 32 nm and the absorption coefficient dropped 
to 1 . 5 x 1 04 M- 1 cm· ' . Once the 4-ethynyl-N. N-dimethylaniline was attached via the 
sonogashira reaction, the absorption coefficient dropped to 1 . 3  x 1 04 M- 1 cm· ' . and the 
absorbance was broadened and red-shifted by 2 1  nm. After the electron-accepting group 
employing the cyanoacrylic acid was attached, the absorption coefficient was reduced to 
1 . 1  x l 04 M- 1 cm· 1 , and the absorbance was further broadened and red-shifted by 23 nm. 
Upon iodination of MH7 to produce MH8,  an absorption coefficient of 1 .4 x l 04 M- 1 cm· ' 
was produced and a maximum absorption peak at 5 3 8  was observed. The electron-donating 
4-ethynyl-N; N-dimethylanil ine ' s  attachment resulted in  a decrease in  the absorption 
coefficient to 1 .2 x 1 04 M- 1 cm· 1 , and the absorbance was broadened and red-shifted by 1 8  
nm. The attachment of the electron-acceptor containing the cyanoacryl ic acid resulted in a 
another decrease i n  the absorption coefficient to 1 . 1  x 1 04 M- 1 cm· ' as well  as a broadening 
of the absorbance and a 26  nm red-shift. 
Although, the absorption spectrum for MH7 was not taken, the green co lor and strong 
visible fluorescence was observed. similarly to its mesityl substituted analogue (MH l ). The 
photophysical properties were comparable for each mesityl- and 2 ,6-hexyloxybenzene­
substituted analogue. MH8 had only a 3 nm red-shift relative to MH2. and its absorption 
coefficient dropped by l x l 03 M- 1 cm· ' . MH3 and MH9 yie lded identical Amax values and 
the absorption coefficient for MH9 was also 1 x 1 03 M- 1 cm· 1 less than its mesityl 
substituted counterpart. The final two products. HS 1 0  and MH l 3. also produced s imi lar 
photovoltaic results. The absorption coefficients were identical, and MH 1 3  produced a Amax 
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that was red-sh ifted by only 3 nm. The effects of attaching the e lectron-donating and 
electron-accepting substituents were s i m i lar for both dyes but no trends related to the 
magnitude of the photovoltaic responses cou ld be observed between the mesityl- and 2,6-
hexyloxybenzene- substituted analogues. 
3. 2. 1 . a. UV- VIS Absorption Data of HSJ O  in Solution 
Table 3.3. Concentrations of dye solutions used for UV-VIS absorbance measurements. 
Dye moye, Vsoh·ent, 
Stock (mg} Stock (mL) 
M H l 2.0 25.0 
M H2 3 .0  2 5 .0 
MH3 3 .0 25 .0 
HS l O  3 .0 2 5 .0 
MH8 3 . 5  25.0 
MH9 4.0 25 .0 
M H 1 3  4.0 2 5 .0 
9.00E+04 
8.00E+04 
7 . 00E+04 
6.00E+04 
;::; 5.00E+04 
.;,. 4.00E+04 � -
"' 
3 . 00 E +04 
2 . 00E+04 
1 OOE+04 
O . OOE+OO 
400 450 
Cl V Dye, Cuvette 
{mol/L) {mL) 
2 . 1 8  x 1 0-4 5 .0 x 1 0-2 
1 .94 x 1 0-4 5 .0 x 1 0-2 
1 .89 x I 0-4 5 .0 x 1 0-2 
1 .7 1  x 1 0-4 5 .0 x 1 0-2 
1 .5 5  x 1 0-4 5 .0 x 1 0-2 
1 .32 x 1 0-4 5 .0 x 1 0-2 
3 .26 x 1 0-4 5 .0  x 1 0-2 
500 550 
\\ ·a, elength ( 11 111 ) 
VSoh·ent, Cu•·ette C2 
{mL) (mol/L) 
3 .05 3 .6 x 1 0-6 
3 .05 3.2 x 1 0-6 
3 .05 3 . 1 x 1 0-6 
3 .05 2 .8  x I o-6 
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Figure 3.2. Experimental U V-VIS absorption spectra of M H  I .  M H2, M H 3 ,  and HS 1 0  in  
C H2Cb solution. 
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Figure 3.3. Experimental U V-VI S  absorption spectra of M H2. MH3.  and H S  I 0 in  
CH2Cb solution. 
Table 3.4. Absorptivity and maximum absorption wavelengths of MH I .  M H2, MH3, and 
H S  I 0 from experimental U V-VI S  absorption spectroscopy in CH2Cb solution. 
Dye Absorbance E (M-1cm-1) Amax (nm) 
M H I 0.3 1 1 8  8 .7  x 1 04 503 
M H2 0.0489 1 .5 x I 04 535 
MH3 0.04 1 8  1 .3 x I 04 556 
H S I O  0.0322 I .  I x I 04 5 79 
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3. 2. 1 . b. UV- VIS Absorption Data of MHJ 3 in Dichloromethane 
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Figure 3.4. Experimental UV-VIS absorpt ion spectra of M H 8, M H9, and M H  1 3  in  
C H2Cb solution at  room temperature. 
Table 3.5. Absorpti v ity and maximum absorption wavelengths of M H 8, M H9, MH 1 3  
from experimental UV-VIS absorption spectroscopy in CH2Ch so lution at room 
temperature. 
Dye 
M H 8  
M H9 
M H 1 3  
Absorbance 
0.0352 
0.0249 
0.0567 
1 .4 x I 04 
1 .2 x I 04 
I .  I x I 04 
3.2.2. UV- VIS Absorption in Ti02 and Calibration Curve 
Amax (nm) 
538 
556 
5 82 
The absorption spectra of the adsorbed M H  1 3  and HS I 0 on Ti02 in a 0.05 M NaOH 
solution in DMF/H 20, v/v 25 :5 ,  were obtained at d ifferent concentrations and i l lustrated 
below (Figures 3 .5  and 3 .7 ,  respectively). The color of both dye solutions was purple with 
a more reddish hue. There was a broaden ing and a s ignificant blue-shift in  the absorbance 
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for hoth fi nal  dyes re lat i ve to their spectra i n  sol ution.  These occurrences are possi b l y  a 
result  o f  i nteractions o f  the dye molecules w ith the hydroxide ions. such as the formation 
o f  ionic salts .  
The purpose o f  the cal ibration c urve \Vas to determi ne the dye- load i ng density o f  H S  10 and 
MH 1 3  o n  to the Ti02 semiconductor. UV-VIS absorption spectra were generated for 
d i fferent concentrations o r  each dye i n  a 0 .05 mol/L NaO H  sol ut ion ( DMF/H20. v/v 25 :5) .  
The spectra are depicted belmv ( Fi gures 3 .5 and 3 .7 for H S  I 0 and M H l  3 and their  
precursors. respectively ) . Tables 3 .6 and 3 .7 summarize the concentrations used for the 
cali brat ion as \Vei l  as the maximum vv avc lengths and absorbance for H S  1 0  and M H l  3.  
respectively .  The cal i brat ion c ur ves are i l l ustrated below ( F i gures 3 .6 and 3 .8 for HS l O  
and M H  1 3 . respectivel y) .  The experimental data for hoth dyes produced h i g h l y  l inear fits:  
an R2 value of 0.9994 \Vas obtained for l'v1H l  3 with a l i near fi t  equation of y = 1 29 1 5 x  + 
0.0004. and 0.9982 for HS 1 0  w i th an equatio n  of y = I 645 8x - 0.08 8 8 .  The l inear fit 
equations were generated to use the absorption of the desorbed dye mo lecules to detem1i ne 
thei r  concentration i n  0 .05 mo l/L NaOH and dye- load i ng dens i t ies on Ti02.  
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3. 2. 2 .a. HSJ O  UV- VIS Absorption in Ti02 and Calibration Curve 
0 .7 
0 .6 
Q.J �o s 
"' 
.D 
Cio.4 V"l 
.D 
<i:o. 3 
0 .2 
0 .1 
4 10 
Absorption of HSlO in  Ti02 F i lm  in  0 .05 mol/L NaOH 
Solut ion 
430 450 
( D M F/H20, v/v 25 :5 )  - 2 .46E-S mol/L 
- 2 .91E-5 mol/L 
- 3.34E-5 mol/L 
- 3.76E-5 mol/L 
470 490 510 530 550 
Wavelength /, ( n m )  
Figure 3.5. Absorption spectra o f  H S  1 0  after desorption from Ti02 film. 
Table 3.6. The absorbance at  485 nm of HS I 0 at varying concentrations 
Vl (µL) Cl  (mol/L) V2 (mL) Abs at 485 nm C2 (mol/L) 
250 
300 
350 
400 
1 .60 x 1 0-4 
1 .60 x 1 0-4 
1 .60 x 1 0-4 
1 .60 x 1 0-4 
3 .25 
3 .30 
3 .35 
3 .40 
0.3 1 7  
0 .39 1 
0.456 
0.534 
2 .46 x 1 0-5 
2 .9 1  x 1 0-5 
3 .34 x 1 0-5 
3 .76 x 1 0-5 
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Figure 3.6. HS I 0 cal ibration curve in 0.05 M sol ution of NaOH in 2 5 :5 DM F/H20 (v/v) 
3.2.2.b. MHI 3 UV- VIS A bsorption in Ti02 and Calibration Curve 
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Figure 3.7. Absorption spectra of M H  1 3  after desorption from Ti02 film. 
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Table 3.7. The maximum absorbance wavelength and absorbance at 485 nm of M H  1 3  at 
varying concentrations 
Vl (µL) 
0.65 
0 .6 
QJ 
� 0 . 5 5  
ro 
-e 
0 
.n 0.5 
<i 
0.45 
0.4 
250 
300 
350 
400 
• • 
Cl (mol/L) 
2 . 1 0  x 1 0-4 
2 . 1 0  x 1 0-4 
2 . 1 0  x 1 0-4 
2 . 1 0  x 1 0-4 
V2 (mL) 
3 .250 
3 .300 
3 .350 
3 .400 
Abs at 485 nm 
0.4 1 9  
0.490 
0.569 
0.638 
C2 (mol/L) 
3.23 x 1 0-5 mol/L 
3 .82 x I 0-5 mol/L 
4.39 x I 0-5 mol/L 
4 .94 x 1 0-5 mol/L 
UV-VIS of M H 13 in 0.05 mol/L Na OH ( D M F/H20)  
Ca l ibrat ion Cu rve 
y = 12915x + 0.0004 
R' = 0.9994 
••• 
•• 
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Figure 3.8. MH 1 3  cal ibration curve in a 0.05 M solution of NaOH in at 2 5 : 5  DMF/H20 
(v/v) 
3. 2. 3. Dye-Loading Density on Ti02 
The dye loading density was detennined by immersing Ti02 fi lms into a sol ution of each 
dye in to luene/methanol (25 m L, v/v, I :  I )  for 6 h to i nduce absorption of the dye, then 
desorbing the dye molecules by immersing the sensitized Ti02 nanopartic les into a 25 m L  
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0 .05 mol/L  solution of NaOH in DMF/H20 (v/v, 25 : 5 ) . The original color of the Ti02 
flakes were nearly restored. Once desorbed, small  volumes of the basic dye solutions were 
added to a quartz cuvette and the absorption spectra was taken. The color of the desorbed 
dye so lutions was purple with a more reddish hue. This change could be a result of 
aggregation of the dye molecules after their adsorption onto the Ti02 films or noncovalent 
interactions of  the dye with the hydroxide ions. The absorption spectra are depicted below 
( F igures 3 . 5  and 3 . 7) .  Tables 3.4 and 3 . 5  l ist the solution maximum absorbance values. the 
concentrations derived from the absorbance, the mass of Ti02 immersed into the dye 
solutions, and the dye-loading densities. 
MH 1 3  exhibited a dye loading density of 6 .73  x 1 0- 1 0 mol/cm2 while  HS I O  produced a dye 
loading density of2 . 1 5 x 1 0- 1 0  mol/cm2 • The higher dye loading density exhibited by M H 1 3  
cannot be explained by the molecular structure since its mesa substituent is  more sterically 
hindered. Both dyes uti l ized the cyanoacryl ic acid anchor, therefore, the lower dye loading 
density of  HS I 0 could be a result of a l ess thorough dye desorption from the Ti02 
nano partic les .  
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Figure 3.9. A bsorption spectrum of M H I J  adsorbed onto a Ti02 fi l m .  
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Figure 3.10. Absorption spectrum of HS I 0 adsorbed onto a Ti02 film.  
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Ta ble 3.8. The parameters o f  the dye loading densi ty studies o f  H S  1 0  and MH 1 3 . 
Dye Mrwz Arwz Abs at Coye ( M )  Vrotal ( L) Total dye D 
( mg) (cm2) Lnax moles ( mol/c m2) 
M H l J  1 . 3 5  1 026 0.070 2 . 76 ,,< !Cr� 2 .5 x 1 0-2 6 . 9 1  x 1 0-7 6 .7J x 1 0- 1 0  
I I S  I 0 1 .-tO 1 064 0. 1 89 1 .0 I I o-� 2 .5 x 10-2 2 .29 x I 0-7 2 . 1 5  x 1 0- 1 0  
3. 2. -1. Photoroltaic Properties 
Figure J .2 .5 .a. depicts the photovol ta ic properties of the DSCs using M H l J  and HS l O. 
Table J .2 .5 . b. summarizes the photovoltaic results where J�r ·  i s  the short-circuit  
photocurrent density under irradiat ion. V( )c is  the open-circuit voltage. FF represents the 
fi l l  factor. and 11 is the pO\ver conversion efficiency. 
A higher maximum c urrent density and max i m u m  voltage were achieved by M H  1 3  than 
HS 1 0 . The 2 .6-di hexyloxypheny l subst i tuent improved the short-c ircuit c urrent density by 
more than I OO�'!i \Vhen com pared to the mesityl substituent. whi le  the open-ci rcuit  voltage 
improved by 1 8%. When compari ng the power conversion efficiencies. MH 1 3  resulted in  
a 1 2 7% improvement when compared to H S  1 0 . The 2.6-dihexyloxyphenyl  group resulted 
in improvements in nearly  every photovoltaic parameter. however the ti l l  factor was 
reduced by 8 .20%. The steric hindrance of the alkyl s ide chain of the meso substituent has 
been shown to reduce dye aggregation. 72 This could be a s ignificant contri butor to the 
improved ce l l  performance. 
The photocurrent density-vo ltage c urves are depicted below ( Figure J . 1 1  ) . They were 
measured using an i rradiance of I 00 mW cm-2• s imu lated AM 1 .5 sunlight. 
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Figure 3.1 1 .  J-V characteristics under i l lumi nation. 
Table 3.9. Photovoltaic parameters of HS I 0 and M H  I 3 based DSCs. 
DSC 
HS I O  
MH l 3  
2 . 54 
5 .35  
Vor (V) 
0.456 
0.538 
FF 
0.66 
0.6 1 
1) (%) 
0.77 
1 .75 
0.6 
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C HAPTE R 4 
CONCL USION 
BODIPY dyes are low molecular weight tluorophores which produce narrow emission 
bandwidths with high extinction coefficients. Furthermore, the absorbance and emi ss ion 
spectra are highly susceptible to substituents added to the BODIPY core. Their excited-
state l ifetimes are re lative ly long and they produce photostable dyes compared to many 
current dyes.  T 2  
Currently, DSCs contain several areas where there is significant room for improvement. 
One of those areas i s  electron recombination. 1 1 :' · 1 1 6  Strengthening the anchoring group' s  
bond helps achieve electron injection rates that are faster than the rates of e lectron 
recombination. allowing a larger window of opportunity for the injection to take p lace . �  1 .23 
Another significant source of charge loss is dye aggregation. One method for hindering 
aggregation involves producing dye molecules with bulky substituents which can sterically 
hinder i ntermolecular interactions. Another major challenge has been broadly and strongly 
absorbi ng the photon-rich regions of the solar spectrum. One strategy for shifting the 
absorbance towards these regions i nvolves attaching groups that extend the conjugation of 
the sensitizer. BODIPY dyes are especially responsive to this method.  The stabil ity and 
durabi l i ty of the DSC are two areas that can he addressed by anchoring groups. An anchor 
which creates stable bonds and a better orbital overlap with the semiconductor provides a 
ureater cel l  stabilitv 1 1 7 b -' .  
In this study, we attempted to address each of these chal lenges by synthesizing novel 
BODIPY dyes vvith a donor-(rr-spacer)-acceptor arrangement with substituents that were 
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expected to favorably  manipulate the photophysical and photovoltaic properties. Each of 
the desi gned dyes contained 4-ethynyl-NN-dimethy lan i l ine e lectron donating groups. 
Cyanoacry l ic acid  and 8-hydroxyquinol ine are the two anchors that were selected for the 
investigation of minimizing charge recombination and maximizing ce l l  stabil ity. Previous 
studies have suggested several advantages exhibited by these anchors as opposed to the 
standard carboxy l ic  acid  group. The 2,6-dihexy loxyphenyl substituent was chosen for dye 
MH 1 3  to sterically h inder intermolecular interactions and, therefore, inhibit the dye 
aggregation. Similar strategies have previous ly  been employed in DSCs with promising 
results .  F ina l ly, the desired red-shifted absorbance was addressed by attaching two 4-
ethenyltoluene groups to the MH6 BODIPY core for the purpose of extending the dye ' s 
conjugation. 
The synthesis of these dyes i nvolved extensive column chromatography. The first synthetic 
step in this procedure resulted in low and etTatic yields .  Several reaction conditions were 
attempted, including uti l izing boron trifluoride diethyl etherate as the catalyst, p lac ing the 
reaction on ice after the oxidative and exothermic addition of DDQ, and using extraction 
for purification. However. yields remained around 20%. The Knoevenagel condensation 
reaction was successful but resulted in yields below 5% atter the purification. The 
quantit ies of product were insut1icient for further reactions or analysis.  The 8-
hydroxyquinol ine anchor created hydrogen bonds \vith the s i l ica gel which s ignificantly 
h indered the production of pure 8-hydroxyquinoline-anchored dyes. Moreover, two 
attempts were made at replenishing the l imited supply of 1 ,  l -dimethylethyl-5-ethynyl-8-
quinol inyl carbonic acid without success. 
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MH 1 3  which employed a 2.6-dihexyloxybenzene substituent at the mesa position of the 
BODIPY core produced a power conversion efficiency of 1 .  75%. significantly higher than 
the 0 . 77% efficiency of its mesityl-substituted analogue . MH 1 3  exhibited a dye loading 
density of 6 .73  x 1 0- 1 0 mol/cm2 while H S I O  resulted in only 2 . 1 5  x 1 0- 1 0 mol/cm2 • The 
increased steric  h indrance resulting from the 2.6-dihexyloxyphenyl substituents extending 
in opposite directions perpendicular to the plane of the dye can lead to a reduction in dye 
aggregat ion and could be one of the major contributors to this dramatic improvement in 
the PCE of MH. The absorption coeflicients were identical for both dyes, and MH 1 3  
produced a Amax that was red-shifted by only 3 nm relat ive to HS 1 0. The dye loading densi ty 
for HS l O  was nearly double that of MH 1 3 .  This was l i kely due to the bulkier meso 
substituent present in MH l 3 prevents dye molecules from binding in c lose proximity to 
one another. The cyanoacrylic acid anchor was able to produce highly competitive 
efficiencies when compared to s imi lar dye structures employing different anchors. 
However, the red-shift in the absorbance and absorption coefficients were not improved. 
Future work includes the i nvestigation of extending the conj ugation of BODIPY dyes using 
4-ethenyltoluene as wel l  as synthesis and study of the 8-hydroxyquinoline-anchored dyes .  
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